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Plate 1. Pyrite particles in the salt marsh - Top: single 
euhedral pyrite crystals* Bottom: Pyrite crystals 
on external secondary root of Spartina 
alterniflora .... ............................
ABSTRACT
Metal distribution, accumulation, and differential mobility were 
determined in the terrestrial and aquatic portions of Barataria 
Basin. Seasonal variations in surface water and interstitial pore 
water constituents of marsh and bay bottom sediments, along a 
salinity transect were determined through a monthly sampling from 
March 1984 to August 1985.
Diffusion and mass transfer coefficients in bay bottom sediments 
were determined through the use of non-steady state diffusion cell 
incubations, and the use of a kinetic silica model, repectively.
Sedimentation and particle mixing rates were calculated from the
137 2+ 2+Cs distribution, and Fe and Mn production rates
were obtained by applying a one-dimensional transport-reaction model
to the solid phase distribution. An iron and manganese mass balance
was calculated for bay bottom sediments in the upper and lower
portions of .the basin. Diagenetic remobilization in the rapidly
accumulating bottom sediments of the lower basin resulted in
manganese and iron turnover rates of 20 and 40 days, respectively.
Increase in ionic strength and benthic fluxes along this salinity
transect resulted in significantly higher concentrations of dissolved
iron and manganese in the aquatic portions of the lower basin.
However, particulate iron and manganese decreased towards the middle
and lower parts of the basin due to desorption processes.
Partial metal fractionation in water soluble, exchangeable,
reducible, and residual phases in marsh and bottom sediments was
performed in order to assess and predict the distribution in labile
xx
and non-mobile fractions* Saturation states in respect with the main 
sedimentary solid phases were determined through the use of Geochem, 
an ion speciation model.
Pyrite content, along this salinity transect, was found to be 
significantly higher in the brackish environments* Dynamic iron and 
pyrite cycling in the salt marsh resulted in a low pyritic pool (.69% 
FeS2>, characterized as single fine-grained euhedral crystals, 
indicating its rapid formation.
The differential mobility of iron and manganese resulted in a 
significant fractionation of both metals in the lower basin*
Manganese export was restricted to the saline portions of the basin, 






This study was located in Barataria Basin (372,000 ha), a 
continous interdistributary estuarine basin, bounded on the east by 
the present course of the Mississippi River, and its most recently 
abandoned channel to the west, Bayou Lafourche (Figure 1)* One can 
consider any specific wetland type to occupy a certain niche, which 
results from the interaction of climatic, geologic, hydrologic, and 
biogeochemical processes. Trace metal exchanges between a wetland and 
adjacent waterbodies are controlled by the geomorphology of the 
wetland basin (Odum et al., 1979), hydrologic factors (Odum and 
Heald, 1975; Brown et al., 1979; Odum et al., 1979; Gosselink and 
Turner, 1980), and the intrinsic physico-chemical properties of the 
metal in subject (Gambrell et al., 1977; Gambrell and Patrick, 1978).
Mass transfer, accumulation, and transformation of metals in an 
estuarine zone reflect the interrelations between biological and 
physico-chemical processes. The knowledge of the interactions between 
sediment and water with its biotic and abiotic portions allows 
quantification of metal remobilization and transport to drainage 
basins and ultimately to the oceans. This study was undertaken to (1) 
describe metal distribution, partitioning, and accumulation, (2) 
assess mineral solubility equilibria, (3) evaluate and quantify 
seasonal metal transport paths and fluxes between well defined 
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Figure 1 : Freshwater, brackish, and salt water study sites in 
Barataria Basin.
Trace metal chemistry and cycling as influenced by in situ 
soil characteristics, salinity, pH and redox intensities were 
investigated in marsh, adjacent bottom sediment and waterbody along 
salinity transect. The generated seasonal data base was utilized in 
number of thermodynamic and kinetic calculations. The mathematical 
models consisted of an ion-'association model (Geochem) and kinetic 
transport models as described by Berner (1980) and Aller (1980).
2. LOCATION of SAMPLING SITES
Trace metal transformations and cycling dynamics were studied in 
Lake des Allemands, Little Lake and Airplane Lake representing 
freshwater, brackish and saltwater ecosystems respectively, in 
Barataria Basin, Louisiana (Figure 1).
The modern Mississippi deltaic plain is characterized by a series 
of interdistributary wetland basins of varying ages which are 
seperated by active and relict distributary channels (Coleman and 
Gagliano, 1964). Barataria Basin is the youngest such 
interdistributary basin. Progressive channelization of the 
Mississippi River over the past century has prematurely terminated 
the fluvial phase of the Basin's development (Coleman and Gagliano, 
1964). The landward redistribution of earlier deltaic marine marsh 
and bay sediments, by tides and wind-'induced water movements, has 
replaced fluvial sources of inorganic sediments reaching the marsh 
surface.
Louisiana's coastal zone is subsiding, causing a net land loss,
even though vertical accretion apparently compensates for a portion 
of the subsidence. The marsh surface is maintained within the 
intertidal zone through plant growth* organic detritus accumulation* 
and sediment deposition. Inland salt marshes* as opposed to 
streamside* are not keeping up with subsidence through vertical 
accretion (DeLaune et al.* 1978)* and deterioration and areal changes 
have become an integral part of the salt marsh developmental cycle.
Spatial gradients are created by the land's slope and the source 
and magnitude of freshwater compared to marine inflow. In Barataria 
Basin* the mean waterslope from the coast to the swamp forests is 
about 2 mm/km (Byrne et al.* 1976).
Waterbodies in the upper basin* such as Lake des Allemands* are 
characterized by high primary productivity* pronounced seasonality* 
and net heterotrophy (Day et al.* 1982). The tidal range is 3.2 cm 
(Byrne et al., 1976) and waters are fresh. The lower basin has a 
tidal range of 12 cm (Marmer* 1948) in the brackish area (Little 
Lake) and up to 30 cm in the bay (Day et al.* 1982)* with a salinity 
up to 20 %. (Table 1). Autotrophic saline areas are less productive 
and lack consistent seasonality (Day et al.* 1982). Water overflowing 
stream banks on flood tides slows and drops much of its sediment load 
near the stream edge as it moves inland creating a slight crest or 
levee next to the stream. The annual duration and frequency of 
inundation of marshes in Barataria basin has been calculated by 
Gossellnk (1984). The total duration of flooding during the year is 
about constant across the whole marsh from coast to upland. But the 
average duration of a flooding event increases from 12 to 16 hours at 
the coast to about 5 days in freshwater marshes (Gossellnk* 1984).
Table 1 : Physico-chemical characteristics of waterbodies in Barataria Basin
a bEcological Zone Sampling Site Depth Salinity Secchi Tidal Renewal
depth Range Rate 
(m) (ppt) (cm) (cm) (days)
Upper Basin Lake des 
Allemands
2.0 .18±.44 33 3.2 I T
Upper




1.4 13.8±5.2 65 30.0 25g
(a) Chapter 7
(b) Witzig and Day 1982
(c) Byrne et al. 1976
(d) Craig and Day 1977
(e) Marraer 1948
(f) estimated from Craig and Day 1977
(g) Happ et al. 1977
These hydraulically mediated gradients create chemical and biological 
gradients inducing the observed biotic diversity in these coastal 
marshes.
Marshes are defined as wetlands with more than 25 % vegetative 
cover of herbaceous plants, but 40 % or less cover by woody plants 
and are occasionally or regularly flooded. Marshes in the Mississippi 
River Deltaic Plain is the largest continous wetland system in the 
United States with 725,000 ha of marshes, not including the forested 
wetlands at the inland extremes of the basin (Gosselink, 1984). Most 
of them lie within the estuarine intertidal or palustrine systems 
(Gosselink, 1984). These marshes are further subdivided as 
freshwater, intermediate, brackish or salt, based on vegetation 
associations established by Penfound and Hathaway (1938) and Chabreck 
(1972), rather than salinity per se. Freshwater marsh (salinity <1%. ) 
covers 19% of the basin and is characterized by Panlcum hemitomum 
Schult., Eleocharis spp., and Saglttaria falcata Pursh.
Brackish and intermediate marshes (1-10%*) together cover 
approximately 20% of the basin. The brackish marsh is vegetated 
largely by Spartlna patens (Ait.) Muchl., Distichlls spicata 
(L.) Green, and small amounts of Spartina alterniflora Lois. The 
intermediate marsh is characterized by the dominance of Spartina 
patens and the absence of Spartina alterniflora . Saltwater marsh 
(>10%.) covers approximately 14% of the basin; Spartina 
alterniflora is the dominant vegetation.
3. ECOLOGICAL SETTING in BARATARIA BASIN
Most water bodies adjacent to the Gulf of Mexico have been well 
described and the primary production estimates well documented (e.g. 
Allen, 1975; Hopkinson and Day, 1979; Day et al., 1982). Day et al. 
(1982) divided the water portion of the basin into two regions based 
on temporal patterns, degree of eutrophy, and degree of heterotrophy. 
Following this classification Lake des Allemands is located in the 
upper basin, Little Lake in the upper lower basin, and Airplane Lake 
in the lower basin (Figure 1). Hydraulic energy (Byrne et al., 1976), 
chlorinity and sulfate concentrations decrease with distance from the 
Gulf of Mexico (Rainey, 1979), and reflect observed physicochemical 
gradients associated with marine intrusion.
The freshwater wetlands in Barataria Basin are characterized as 
low-energy tidal wetlands, with high organic matter contents. Organic 
matter content varies significantly along the salinity transect with 
progressively higher concentrations in the less saline environments 
to the north of the basin. Values range from a maximum of 35 % carbon 
in fresh and intermediate marshes to as little as 5 % in the salt 
marsh system (Hatton, 1981). Thus, organic plant residues constitute 
an increasing fraction of the soil matrix as the marine infuence 
derainishes inland from the coast. This is the result of the rather 
scarse over-bank flooding of freshwater marshes. Influx of fluvial 
sediments occur locally in the upper reaches of the basin as a result 
of runoff from adjacent uplands, whereas mineral sediments constitute 
a progressively greater fraction as the hydraulic energy increases 
seaward. Mean bulk densities integrated over a depth of 45 cm were
_3greatest in the salt marsh (0.30 g cm ) with progressively lower 
values (0.05 g cm ) inland from the coast (Hatton, 1981).
Tidal exchanges supply salt marshes with a high mineral input, 
including nutrients and dissolved salts. Consequently, the salt 
tolerant Spartina spp. are subject not only to a salinity and 
flooding stress, but also have to cope with the end-products of 
sulfate reduction. In the absence of thermodynamically more favorable 
electron acceptors, sulfate will be consumed as electron acceptor, 
producing bicarbonates and sulfides. It has been suggested that plant 
height and productivity may be limited by the effect of sulfides on 
nutrient uptake (King et al., 1982; DeLaune et al., 1983a). Hatton 
(1981) reported that sulfide concentrations and total sulfur 
increased from freshwater marshes to saline environments. In anoxic 
inland salt marshes, total sulfide concentrations as high as 250 ug 
g * sediment were found with free sulfide concentrations of about 
150 ug g * sediment (DeLaune et al. 1983a). Sulfide 
detoxification occurs through oxidation and precipitation with trace 
and heavy metals. Tidal exchanges, resulting in an increased flushing 
of toxins, higher sedimentation rates, and higher redox potentials 
are shown beneficial to Spartina alterniflora growth (Delaune et 
al., 1979; 1983a; Mendelssohn et al., 1981). The freshwater marsh, 
with a lower sediment sulfide content, does not require the 
detoxification of sulfide in its root environment.
3.1 Carbon Cycling
Wetland ecosystems are generally known as net producers. A number
of studies have summarized the primary production of various
freshwater wetland types (Richardson, 1979; Brinson et al*, 1981;
Adamus, 1983). Fresh marsh productivities in Louisiana range from 
- 2  -1  -1500-2000 g m year (Sasser and Gosselink, 1984; DeLaune
and Smith, 1984), and are only slightly less than primary
productivity in salt marsh ecosystems (Table 2). However, estimates
of net.primary production (NPP) for specific wetlands and plant
species vary widely. This can be attributed to the lack of
standarized methods for estimating the NPP (Shew et al., 1981;
Brinson et al., 1981) and the highly variable substrate, because soil
and water chemistry are known to influence productivity (Valiela et
al., 1975; DeLaune et al., 1976). DeLaune et al. (1976) reported that.
the end-of-season biomass of Spartina altrniflora is directly
related to the bulk density of the substrate or to the amount of
inorganic sediment input compared to organic content.
Carbon fixation rates in the water portion of the basin were 73,
-2 -110, and 123 g C m yr , for freshwater, brackish, and
saltwater lakes, respectively (Hopkinson and Day, 1977). Only the
—2saline lake showed a net community production (20 g C m
-1 x -2 -1yr ); the freshwater lake consumed 169 g C yr and
-2 -1 ,the brackish 44 g C m yr (Day et al., 1977; Day et al.,
1982) (Table 2).
Organic matter mineralization transforms complex organic molecules 
into more soluble and accessible organics and is lost from the system 
in the form of gaseous end-products (C02 and CH^). Part of 
the organic matter can be lost from the system in a dissolved or 
particulate form due to advective flow through the system and due to
Table 2: Mean organic carbon flux data of Barataria Basin marshes
and open water bodies (g C m”2 yr”1) (Feijtel et al. 1985)
Fresh Brackish Salt
Marsh



































0Estimation based on study sites where flux determinations were made 
(Feijtel et al. 1985).
^Delaune and Smith (1984) - Triplicate determinations, 10 times during 
1981-82.
cSmith et al. (1983) - Triplicate determinations, 12 times during 1980-81.
dDeLaune et al; (1983) - Triplicate determination in fresh and salt marsh; 
duplicate in brackish marsh; 13 sampling dates during 1980-81.
eHatton et al. (1983) - 137Cs dating on ten cores from streamside on 
lateral transects.
*Day et al. (1977) - Monthly sampling during 1975-1976.
8Hopkinson and Day (1979) - Monthly sampling from December 1976 through 
February 1978.
^Stow et al. (1985) - 137Cs dating on five cores.
^Feijtel (unpublished data) - Duplicate determination 1984-85.
burial. The amount of organic matter accumulation depends on the 
balance between the rate of production and trapping, and the rate of 
decomposition. Net belowground accumulation of peat occurs when 
organic production and allochtonous input exceeds biological 
decomposition and detrital export. The accumulation of organic 
sediment probably acts as a feedback, reducing the rate of 
decomposition and thus favoring further accumulation. Freshwater 
marshes start out as highly mineral, but as delta lobes age they 
become increasingly organic (Gosselink, 1984). With the sediment 
supply from the river cut off, organic material produced in situ 
is the only material available for freshwater marsh accretion. In 
salt marshes, however, frequent turbid tidal washes supply the 
marshes with a high mineral input. This includes nutrients, dissolved 
salts, and sulfate.
The lack of thermodynamically favorable electron acceptors and the 
accumulation of organic acids during anoxic decomposition decreases 
the rate of decomposition in wetland ecosystems as compared to 
terrestrial ecosystems. However, the presence of sulfate in coastal 
wetlands seems to play a major role in the mineralization of organic 
matter, accounting for more than 50% of the total mineralization 
(Howarth and Teal, 1979). Organic matter mineralization was estimated 
through direct measurement of volatile carbon end-products. Diffusion 
chambers were placed over the marsh surface to obtain direct seasonal 
measurements of gaseous carbon emissions in Barataria Basin. (Smith 
et al., 1983a; Delaune et al., 1983b). Annual COg fluxes were 
418, 180, and 618 g C ra  ̂from the saltwater, brackish and 
freshwater marshes, respectively (Table 2). Water bodies adjacent to
the major marsh types found in Barataria Basin evolved 103, 54, and 
~2 ~1 '242 g COg^C m yr . Methane emission is inversely
related to salinity and sulfate concentrations; methane increases and
salinity and sulfate decreases with increasing distance from the
coast. The annual amounts of methane evolved were 4.3, 73, and 160 g
-2C m for the saltwater, brackish, and freshwater marshes, 
respectively. The reported methane fluxes from the open water sites 
were negligble, as most of the methane was oxidized in the water 
column (Table 2).
The role of these marshes and water bodies as a major carbon sink
has been determined from the carbon content of the sediment, vertical
accretion rates, and the bulk density of the sediment (Smith et al.,
1983a; Stow et al., 1984)(Table 2). Accretion rates were calculated
from depth in sediment of the horizon for 1963, the year of peak 
137Cs fallout (DeLaune et al., 1978). Net carbon accumulation was 
essentially the same in all three marshes: 183, 296, 224 from the 
saltwater, brackish, and freshwater marshes respectively. A large 
percentage of fixed carbon, immobilized in accretionary processes, 
remained in the marshes. Hatton et al. (1983) found similar carbon 
accumulation rates in these marshes. The proportion of primary 
production that is stored as peat in the freshwater marshes is an 
equivalent of about 35 to 40 percent in contrast to only about 20 
percent in the salt marsh (Feijtel et al., 1985). Extremely high 
subsidence rates in Mississippi deltaic marshes are compensated by a 
rapid vertical accretion and as such the marsh surface is maintained 
in the intertidal zone. The budget between production and degradation 
of organic matter is balanced by a significant portion of organic
matter accumulation and by possible export to the adjacent waterbody. 
The rate of deposition of organic carbon in the organic freshwater 
marsh is similar to the carbon deposition rate in the salt marsh, 
although mineral deposition, which is much faster in salt than in 
freshwater marshes, masks the importance of the carbon accretion in 
salt marshes.
3.2 Nitrogen Cycling
The major biochemical processes involving N transformations in 
soils, sediments, and waterbodies are mineralization, immobilization, 
nitrification, denitrification and nitrogen fixation. Nitrogen 
chemistry and transformations in wetlands are extremely complex, 
mainly through the presence of multiple oxic-anoxic interfaces. 
Processes and transformations are described in much detail elsewhere 
(Patrick, 1982; Savant and DeDatta, 1982; Reddy and Patrick, 1984).
There has been an increased interest in nitrogen cycling in 
coastal marshes since nitrogen has been identified as the most 
important nutrient in regulating wetland macrophyte production 
(Valiela and Teal, 1974; DeLaune et al., 1976; Buresh et al., 1980; 
DeLaune et al., 1986). However, few studies have examined the balance 
between denitrification and nitrogen fixation in wetland nutrient 
budgets. Likens (1977) reported that 7 percent more nitrogen was lost 
through denitrification than was fixed each year. Denitrification 
generally seems to exceed nitrogen fixation in palustrine systems 
(Likens, 1977). Salt marsh studies have indicated that 
denitrification exceeds nitrogen fixation, with a nitrogen loss
- 2 ~1ranging from 3 to 12 g m yr (Haines et al., 1977; Kaplan
et al., 1979). In Barataria Basin salt marshes, Smith et al. (1983b)
—2 -1reported that only about 30 mg N m yr is released as
- 2  "1NgO and estimated that about 5-7 g N m yr is released
as N2 through denitrification (Table 3).
Annual nitrous oxide emissions from brackish and freshwater
—2 -1marshes averaged 48 and 55 mg N m yr , respectively (Smith
et al., 1983b). Seitzinger et al. (1981) reported a ratio of 250:1
for Ng :N20 being evolved from coastal sediments, whereas
Terry and Tate (1980) reported a ratio of 220:1 for organic soils.
This implied that brackish and freshwater marshes release annual an
—2estimated 10-12 g N m through denitrification (Table 3).
Annual nitrous oxide emissions from the adjacent open water bodies 
averaged 34, 21, and 10 mg N ra yr , for the freshwater, 
brackish, and saltwater sites, respectively (Smith et al., 1983b) 
(Table 3).
Casselman et al. (1981) measured fixation rates of 15 and 4.5 g N 
-2 -1m yr in streamside and inland marshes. Annual nitrogen
fixation in a freshwater Panicum marsh was reported to be
equivalent to 6.7 g N m ^ (DeLaune et al., 1986). The balance
between denitrification and nitrogen fixation reflects a net loss of
-2 -labout 4 to 5 g N m yr in the freshwater marsh, and a net
- 2 -1gain of about 6-8 g N m , yr in the salt marsh (Table 3).
The difference in their relative importance appears to be the result, 
at least in part, of the degree of nitrogen enrichment. Increases in 
nitrate concentrations appear to favor denitrification (Valiela et 
al., 1976, Farnsworth et al. 1979, Smith et al. 1983b). Conversely,
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Table 3: Mean nitrogen flux data of Barataria Basin marshes
and open water bodies (g N m”2 yr”1)
Fresh Brackish Salt
Harsh




N2 emission 8-10° 6-7°
Sedim. N accumulation l6c,e 26c,e 16 >e
Open Water
N2O emission .034° .021° .010C
N2 emission 6-7, 4-5 2-3
Sedim. N accumulation 7.1 1 1 “ 1
Estimation based on C/N ratios and carbon flux data (Table. 2).
^DeLaune et al. (1986) - Triplicate determinations, 10 times during 
1984-85.
cSmith et al. (1983) - Triplicate determinations, 12 times during 
1980-81.
dCasselman et al. (1981) - Triplicate determination in fresh and salt 
marsh; 11 sampling dates during 1978-1979.
eHatton et al. (1982) - 137Cs dating on ten cores from streamside on 
lateral transects.
*Stow et al. (1985) - 137Cs dating on five cores.
high concentrations of inorganic forms of nitrogen, especially 
nitrate and ammonium, inhibit the rate of nitrogen fixation 
(Farnsworth et al., 1979; Delaune et al., 1980; Buresh et al., 1980).
Inputs of nitrogen in the freshwater marsh rely heavily on the 
flow-through of nitrogen rich water as about 30-32 g-N m 
yr * is needed to balance the nitrogen output through plant 
assimilation and peat accumulation. The freshwater marsh is 
characterized by its semi-floating behavior, and thus it is rarely 
flooded with inorganic sediment laden water. Input of nitrogen rich
»*»iwater is estimated to account for 12-18 g m yr • However,
—2in the salt marsh, sediment input is significant, as 23 g N m 
yr is supplied through over-marsh flooding (DeLaune et al.,
1981). The nitrogen-limited freshwater marsh is characterized by a 
tight nitrogen cycling and an estimated import of about 50 % of its 
nitrogen requirement from the adjacent waterbody.
3.3 Nutrient Dynamics
The flux of sediments and associated nutrients to the marsh 
surface from estuarine waters is an important determinant of 
fertility and macrophyte production in the salt marsh (DeLaune et 
al., 1979). Tidal exchanges supply salt marshes with a high mineral 
input, which includes plant nutrients and dissolved salts. Freshwater 
marshes on the other hand are highly organic, because of the lack of 
mineral sediment input.
Nutrients may enter the sediments either directly or by complexing 
with dissolved or suspended particulate matter. Inorganic and organic
complexes play an Important role in the movement and removal of metal 
ions and phosphorus (Farnsworth et al., 1979; Richardson et al.,
1978; Darnell et al., 1976). Enrichment studies of wetlands generally 
Indicate that nutrients are removed from the water column by entering 
the sediment (Valiela et al., 1976; Turner et al., 1976; Hatton et 
al., 1982). The accretlonary development (Letzsch and Frey, 1980) and 
early dlagenesls of marsh soils (McCaffrey, 1977; Lord, 1980; Glblln 
and Howarth, 1984) Indicate blogeochemlcal nutrient transformations. 
Hatton et al. (1982) reported that Iron, manganese and phosphorus 
accumulation followed a seaward trend In Barataria basin. The 
accumulation of all nutrients was substantially greater In levee 
marshes than back marshes, especially in the case of iron.
The rate and magnitude of the nutrient exchange between sediment, 
Interstitial pore water and overlying surface water depends on local 
and temporal conditions. Macrophytic vascular plants, phytoplankton 
and algae take up nutrients directly from water and sediments and 
thus directly influence nutrient concentrations in the water column 
and interstitial pore waters. Most rooted plants derive their 
nutrients primarily from sediments, although a few species are 
capable of obtaining some nutrients from the water as well 
(Farnsworth et al., 1979).
The fate of nutrients taken up by plants varies with the life 
history and other characteristics of the species. Nutrients may be 
leached while plants are still alive (Gallagher et al., 1976; Prentki 
et al., 1978) or conserve nutrients by translocating to persiBtent 
tissues prior to leaf fall ( Davis and van der Valk, 1978; Prentki et 
al., 1978). However, most nutrients are lost when the plant dies and
as a whole, wetland vegetation tends to lose most of the nutrients 
that have been taken up over the year with leaf fall (Adamus, 1983). 
The time lag between nutrient release, Immobilization within the 
sediments, and peak flows largely determines whether nutrients are 
flushed from the system or recycled within It (van der Valk et al., 
1979; Livingston and Loucks, 1979).
The release of nitrogen and plant nutrients from organic matter 
will be dictated by the elemental concentration In the substrate 
carbonaceous material. This Is very important because it influences 
both the rate of decomposition and the amount of nutrients liberated 
during decomposition. The input of mineral nutrients adsorbed to the 
sediment and other particulate material (DeLaune et al., 1976), which 
is strongly dependent.on the hydrodynamic characteristics of the 
basin or floodplain and the input of autochtonous organic matter, are 
the main driving forces of the different microbial cycles.
The mineralization of organic matter involves the consumption and 
regeneration of different inorganic electron acceptors and controls 
early diagenetic processes. The oxidation reaction related to the 
heterotrophic activity of bacteria is often schematized by the 
following equation:
CH20 + H20 —  C02 + 4H+ + 4e~
This electron flux is compensated by the consumption of various 
electron acceptors :
4e" + 02 + 4H+ ™  2H20
lOe" + 2N03" + 12 H+ ----   N2 + 6H20
2e" + Mn02 + 4H+ --- - Mn2+ + 2H20
le" + Fe(OH)3 + 3II+  Fe2+ + 3H20
14e~ + 2SOa2~ + Me2+ + 16H+ — - MeS2 + 8H2<)
In general^ bacteria use only thermodynamically favorable half
*
cell reactions in their energy metabolism, and the different 
microbial and chemical oxidations are thus successively utilized 
according to the redox potential of each couple considered. If the 
overall rate of oxidant consumption is higher than the rate of 
oxidant supply, then the redox potential decreases.
Aerobic decomposition of organic matter favors the stability of 
the sparingly soluble oxides and hydroxides of Fe and Mn, thus 
decreasing their availabilty to the plants. In the absence of 
adequate electron acceptors (02 and NO^”) microbial 
activity may lead to the reduction of first Mn02 and then 
Fe(OH)2, or FePO^ with the solubilzatlon of raanganous 
manganese and ferrous iron (Gambrell and Patrick, 1978). Manganese 
oxides are reduced between +200 and +300 mV at pH levels of 6.0 and
8.0, while the critical redox potentials for iron reduction and 
consequent dissolution lay between +300 and -100 mV at pH 6.0 and
8.0. Although the solubility of several other metallic cations are
not subject to direct oxidation-reduction reactions, their
availability is influenced by the redox intensity and addition of
easily degradable organic substrates. Solubility of most of the
metals is affected by the formation of stable, insoluble metal
sulfide precipitates under anaerobic conditions. Sulfate is used as
the electron acceptor in the energy-conserving, dissimilatory 
2-S04 reduction by various groups of sulfate reducing bacteria.
This reduction will only occur at high reduction intensities, in the 
absence of 02 and NO^ • The influence of oxido-reduction
processes in trace metal diagenesis is of particular importance in 
marsh and bottom sediments. Mobilization and immobilization of trace 
metals during the year will affect the subsequent diffusion of 
dissolved metals to or from the overlying water.
4. DATA COLLECTION
Water and pore water analysis require accurate and precise 
chemical techniques minimizing the occurence of contamination, 
oxidation, precipitation, adsorption or degassing. Previous sediment 
and marsh research at the Laboratory for Wetland Soils and Sediments 
has generated a wealth of reliable analytical techniques, as 
described by Gambrell et al. (1977) and DeLaune et al. (1985). Marsh 
and sediment pore waters were obtained through anaerobic 
centrifugation and 0.45 um anaerobic filtration, as described by 
Gambrell et al. (1977). Chemical analysis of pore waters, particulate 
material and solid phase analytical techniques are described in the 
methods and material's section of each chapter.
The sampling strategy followed in this study consisted of a 
monthly sampling of sediment and overlying water of Lake des 
Allemands, Little Lake and Airplane Lake (Figure 1) from March '84 
until August '85 (Table 4).
The rationale employed was to collect a sequence of cores in a 
time series from approximately the same location in the lake and the 
marsh. This allowed us to minimize the effects of spatial 
heterogeneity and to assess seasonal variations in water, porewater 
and sediment chemistry. This resulted in 72 cores which were
Table 4 : Sampling dates of marsh, sediment, and overlying water column
Study Site Sampling Dates (from March '84 to August '85)
Lake des 
Allemands
03-12-84 04-24 06-14 08-05 09-11 10-15 12-19 01-25-85 03-08 04-17 05-26 07-01 08-13
Little
Lake
03-12-84 04-24 06-14 08-05 09-11 10-15 12-19 01-25-85 03-08 04-17 05-26 07-01 08-13
Airplane
Lake
03-18-84 04-28 06-18 08-08 09-13 10-15 12-19 01-29-85 03-11 04-19 05-28 07-03 08-21
ro
ro
sectioned in nine 2 cm sections C0—2; 2-4; 4-6; 6-8; 8-10; 14-16; 
20-22; 28-30; 36-38). Annual mean pore water profiles were calculated 
from cores collected between September *84 to August '85 (Table 4). 
Temperature and precipitation data were collected from the nearest 
weather stations (Figure 2). Mean monthly temperature and monthly 
precipitation data were taken from the U.S. Weather Bureau stations 
in Leeville (coast) and Thibodeaux (inland) (NOAA, 1984, 1985). Mean 
monthly temperatures ranged from a December/January low of about 7.5 
to 10.0 degrees Celcius, to a midsummer high of about 27 to 29 
degrees Celcius. The moderating effect of the Gulf of Mexico resulted 
in higher winter temperatures and slightly higher temperatures in the 
fall. Mean monthly precipitation data indicated that April tends to 
be the driest month and August the wettest month, but torrential 
rains are common, so that in any one year any month can be either dry 
or wet. The coast location received an annual rainfall (September '84 
to August ’85) of 13.1 cm per month, whereas the inland sampling 
sites are subject to an average of 11.1 cm per month.
5. DIAGENETIC and GEOCHEMICAL MODELS
5.1 Dlagenetic Models
Interstitial pore water analyses were utilized to describe 
seasonal variations and to assess steady state conditions. Kinetic 
models as those described by:
dA/dt « D^ d^A/dz^ (Cochran, 1985)
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Figure 2 : Monthly temperatures and precipitation data at coast and 
inland sampling locations (NOAA, 1984; 1985).
d*C/dt - d( Dfa d~C/dz)/dz - d( w *C)/dz + R (Aller, 1980)
dC/dt - D. d2Si/dz2 - w dSi/dz + ke4 (Si - Si) 1 Si ss
(Vanderborght et al., 1977)
a. dC/dt - 0 - D d2C/dz2 + Rq e~az ~ k (C-Ceq) (Aller,1980)
b. zone 1, 0 - D d2C/dz2 - k2 C (Aller, 1980)
zone 2, 0 - D d2C/dz2 + R - k, (C-C )o J eq
zone 3, 0 - D d2C/dz2 ~ k- (C-C ) * 3 eq
were used to predict particle mixing rate, solid dissolution 
rates, pore water mixing rates, and precipitation rates, 
respectively. Each term will be defined and described in chapters 3 
and 4. Steady state fluxes of given trace metals across the sediment 
surface were calculated through Fick's first law of diffusion, and 
will be addressed in each chapter individually.
5.2 Computer Equilibrium Modeling of Aqueous Solutions
The use of ion association or speciation models has become an 
inherent part of soil chemistry and geochemistry research, as many of 
the best analytical techniques only determine the total concentration 
of an ion in solution. Concentrations of free ionic species are 
obtained through application of an appropriate ion association model
to the total concentration data. A considerable amount of scientific 
literature (Lindsay, 1979; Sposito, 1981; Stumm and Morgan, 1981) 
exists on the computation of ionic speciation under conditions where 
only two or three components are varied and the activities of other 
components in the system are either fixed or assumed not to affect 
the distribution of the component in question. Recently, the 
determination of ion activities and the use of computer equilibrium 
modeling has received a lot of attention (Sparks, 1984; Amacher,
1984; Baham, 1984; Sposito, 1984). There are a variety of different 
computer programs available and Nordstrom (1979) compared 14 programs 
for calculating free ionic metal and ligand concentrations. Some of 
the programs were in general agreement for the calculation of the 
major cation and anion species, but the concentrations of the minor 
and some major species differed substantially. These differences were 
caused by differences in values of the raetal-ligand complex formation 
constants and by the number of complexes considered. This represents 
an important limitation on the use of any of these programs, as no 
two research groups will necessarily agree on which set of 
thermodynamic data represent the most reliable data and how many 
soluble complexes occur in solution (Baham, 1984).
The computer program Geochem (Sposito and Mattigod, 1979) has been 
the most widely used chemical model (Baham, 1984). Geodata which is 
formulated to be executed with Geochem contains data for over 2,000 
metal-llgand pairs, and is considered reliable (Beck, 1977; Sposito 
and Mattigod, 1977). The thermodynamic data base has been collected 
for 298.15 K and 0.1 MPa pressure, which is no problem for 
application in sedimentary environments.
In this study, Geochem is used to obtain the chemical speciation 
of multicomponent surface water and interstitial pore waters* This 
allowed us to calculate under-or supersaturation for minerals 
commonly found in sedimentary environments, and to investigate 
spatial and temporal variability in dissolution and precipitation 
reactions*
Under anoxic conditions, sulfate is the predominant oxidizing 
agent and organic decomposition can be presented by the following 
simplified reaction (Lord, 1980, modified from Richards, 1965):
2 [(CH2)c (NH3)n (H3P04)p ] + c (S042">
—  2c (HC03~) + 2n (NH4+ ) + 2p (HP042~) + c (HS~) 
where c, n, and p represent the C:N:P ratio of decomposing organic 
material. The release of inorganic anionic species of carbonate, 
phosphate and sulfide into the sediment pore waters make the 
precipitation of reduced metal carbonate, phosphate and sulfide 
phases a likely event.
Ion activity products (IAP) were calculated to see if pore waters 
were saturated with respect to trace metal carbonates, phosphates, 
and/or sulfides* Demonstrating saturation or supersaturation for 
minerals with slow precipitation kinetics does not prove that the 
mineral is present in the sediment. Some of the possible minerals, 
such as siderite (FeCOj), rhodochrosite (MnCOj), and pyrite 
(FeS2) can exhibit slow precipitation kinetics, and pore water 
solutions strongly supersaturated for these minerals have been 
reported (Lord, 1980; Postma, 1981; Giblin and Howarth, 1984).
However when calculated IAP values fall well below saturation, it can 
be taken as strong evidence that mineral precipitation cannot occur.
5.2.1. Input Data
Analytical concentrations of major cations and trace metals were
put in as total concentrations, as measured on the ICP. The inorganic
2-ligands were measured on the anion chromatograph, (SO^ and
Cl ) whereas C03 was calculated from the titration.
2-alkalinity. S was measured by an ion-specific Ag/S electrode in 
an anoxic buffer solution. The carbonate, phosphate and sulfide 
solubility calculations are based on the following relations:
[C032~] - titration alkalinity / (1 + [H+ ]/K1+ [H+ ]2/K1K 2> 
aS2" - measured S2" / (1 + [H+ ]/K3 + [H+]2/K3Ka>
[PO^3"] - measured P / (1 + [H+ ]/K5 + [H+ ]2/K5K6 +
[h+ ]3/k5k6k?)
~Q. 1with Kj“10 (Murray et al. 1978)
K ^ l O"6-4 (Garrels and Christ 1965)
V io-13-46 (Nissenbaum et al. 1972)
K ^ H f 6,85. (Nissenbaum et al. 1972)
Kj-10"9,0 (Atlas et al. 1976)
Kj-10-6'11 (Atlas et al. 1976)
Kj-ltf1'71 (Atlas et al. 1976)
where [ ] represent total concentrations as entered in the
2~computer equilibrium model, and aS represent sulfide activity 
as measured by the Ag/S electrode.
5.2.2. Ion activity product calculation 
Ion activities were calculated utilizing the free ionic 
concentrations multiplied by single ion activity coefficients. 
Estimates for the single ion activity coefficients are calculated 
with the 8eraiempirical extended Debye-Huckel equation:
29
log fA - - {(A zA2 I~*5) / (1 + a± B i"*5)} + b± I 
where, f^ Is Che single Ion activity coefficient, A is the 
Debye-Huckel limiting low constant, equal to l*5 mol *5 at 
298.15 K, B equals 0.312 108 I*5 cm mol’'*5, z± is the
valence of the ionic species, I is the ionic strength in mol/1,
?a^ is the ion size and - 0.3 A z^ for I < 0.5 M.
The computer program was run typically for 9 cations and 7 
ligands, pCOg, pe and pH (Table 5). Ionic strength was calculated 
by the program and no solids were allowed to precipitate. On a second 
run solid phases were allowed to precipitate or dissolve as a double
t
check on possible phases which were not considered in the ion 
activity calculations. Computations involved 166 complexes and 39 
possible solids.
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Na+ , K+ , Ca2+, Mg2+ ci", so42" pH, pe, pC02
Fe2+, Mn2+ 2- 2- 3- CO3 , s , poaj
Al3+, Cu 2+, Zn2+
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CHAPTER TWO
Biogeochemical Control on Trace and Heavy Metal Distribution 
and Accumulation in Barataria Basin Sediments*
ABSTRACT
Vertical accretion and metal accumulation rates were determined
137from the distribution of Cs and total metal content in cores
collected from freshwater, brackish and saltwater bay bottoms in
Barataria Basin. Vertical accretion rates ranged from .65 cm yr 1
in the northern part of the basin up to 1.1 cm yr in the lower
estuary. Metal sedimentation and accumulation rate estimates along
this salinity transect indicated that trace and heavy metals were
concentrated in the saline end member by a factor of two to four.
Manganese, however, exhibited an estimated depletion of 1.95 g 
- 2 -1m yr in the lower part of the basin, due to its 
post^depostional mobility.
A principal component and regression analysis of total metal 
distribution showed that the metal content could be predicted by the 
carbon content of the substrate (r«.89 )• Clay and silt content
were insignificant as predictor variables, suggesting sedimentation 
of metal rich organic particles, most likely originating from 
adjacent marshes. In the subsurface layer (0-4 cm), 18% of the 
variability in iron and 27% in the variabilty in manganese content 
were attributed to redox processes, and were adequately predicted by 
the redox potential of the sediment (r».60 ).
Partial metal partioning in soluble, exchangeable and reducible 
fractions indicated that iron, aluminum, copper, zinc, lead and 
cadmium held in the water soluble and exchangeable phase represented
a minor part of the total metal content. However, water soluble plus 
exchangeable manganese accounted for 19%, 10% and 1% of the total 
manganese in freshwater, brackish and saltwater environments, 
respectively. Iron and manganese oxides were found to scavange 
important quantities of heavy metals. Occluded copper and zinc were 
mainly associated with amorphous iron oxides, while lead and cadmium 
were evenly distributed in iron and manganese oxides.
INTRODUCTION
A wide variety of particle-reactive elements that are of 
geochemical and ecological importance may be introduced into an 
estuary via natural processes and/or human activities. Precipitation 
of insoluble compounds and adsorption onto suspended particles can 
remove trace and heavy metals from the dissolved phase (Davis and 
Leckie, 1978; Sholkovitz and Copland, 1981; Stumm and Morgan, 1981). 
Once associated with the particulate phase, these elements become 
subject'to removal within the estuary by sedimentation. Both toxic 
and non-toxic metals tend to accumulate in bottom sediments from 
which they may be released by various processes of remobilization.
A number of studies have shown that clay minerals, oxides, 
hydroxides, and sulfides not only act to remove metals from solution, 
but may also hold the metals in a manner that will permit their later 
release back into the overlying water column (Gambrell et al., 1977; 
1980; Engler et al., 1977).
Iron and manganese oxides and hydrous oxides are important 
constituents of estuarine waters and sediments. The concentration and
distribution of many elements (e.g. Ni, Cu, Zn, Cd) in sediments and 
overlying waters are strongly influenced by adsorption and/or 
coprecipitation with iron and manganese oxides (Goldberg, 1954; 
Krauskopf, 1956; Jenne, 1968; Murray and Gill, 1978; Feely et al*, 
1983)* Consequently, the sediments can release significant quantities 
of metals back into the water column, depending upon metal 
partitioning and ambient conditions (e*g* Gambrell et al*, 1977)* The 
amorphous iron arid manganese oxides may act as terminal electron 
acceptors for some microbial pathways or as oxidants of reduced 
end~product8 of microbial metabolism, such as HS • The reduction 
of each of these oxides in surficial sediments is often depicted as a 
generalized metabolic reaction (Bostrom, 1967; Froelich et al*, 1979; 
Berner, 1980; Stumm and Morgan, 1981):
CH20 + 4 FeOOH + 7 C02 + H20 
or [Fe(0H)3]
or [Fe203] 4 Fe2+ + 8 HC03~
CH20 + 2 Mn02 + 3 C02 + H20 
or [MnOOH]
or [Mn304] — ' 2 Mn2+ + 4 HC03”
These dissolution reactions generate soluble ferrous iron and 
manganous manganese, and release coprecipitated or occluded elements* • 
Several studies in the past few years have reported that significant 
quantities of Mn are released from rapidly accumulating sediments to 
the overlying water (Graham et al., 1976; Sundby, 1977; Yeats et 
al., 1979; Aller, 1980; Trefry and Presley, 1982). Reprecipitation 
occurs upon exposure to oxygen or, under anaerobic conditions form 
insoluble phases with anions, commonly produced during anaerobic
metabolism*
The focus of this study was the distribution and accumulation of 
trace and heavy metals in bottom sediments of Barataria Basin* The 
role of hydrous oxides of manganese and iron in the 'coprecipitation 
of other trace elements in sedimentary environments was investigated*
MATERIALS and METHODS
The samples examined in this study were obtained from freshwater, 
brackish and saltwater ecosystems located in Barataria Basin*
1* Pore Water Analysis
Two sediment cores were collected with a one meter length, 10*2 cm
I.D* corellner from the side of the boat in each sedimentary 
environment. Care was taken during coring not to lose.the easily 
resuspendible material at the sediment surface* The cores (40-50 cm 
sediment + 10-20cm water) were sealed with rubber stoppers and 
transported in a vertical position. Replicate shallow cores (10—15 
cm) of the top sediment layer were taken by divers in order to 
minimize the disturbance of the surface layer*
Three to four hours generally elapsed between sample collection 
and arrival at the lab. The shallow sediment cores were used for 
precise redox characterization followed by 5 mm sectioning of the 
subsurface layer and fractionation in water soluble, exchangeable, 
reducible and total metal fractions. Redox potential was measured 
with a special motor-driven assembly (Patrick and DeLaune, 1972) 
which advanced a bright platinum electrode at a rate of 2mm per hour
through the sediment column. Long sediment cores were sectioned 
immediately upon return to the laboratory a£ter carefully discarding 
the overlying water. Approximately 50% of each section was rapidly 
(less than 10 sec) transferred into an argon purged, acid-rinsed 250 
ml centrifuge bottle. The remaining 50% was utilized for metal 
fractionation in exchangeable, reducible and total phases. The short 
exposure to the air was found not to significantly change the 
samples. Ferrous iron concentrations were within 2.8 % (N-9) of the 
core treated in an anaerobic glovebag. Each centrifuge bottle was 
purged for a period of 15 minutes. Pore water was extruded 
anaerobically by centrifuging for 20 minutes at 6,000 rpm 
(Sorvall GSA-400 rotor). The supernatant is drawn off under an 
argon atmosphere and filtered through a 0.45 urn millipore filter.
This was achieved by using an argon pressure-vacuum system (Gambrell 
et al.; 1977).
Pore water samples were analyzed for trace metals (Fe, Mn), and 
heavy metals (Pb, Cd, Ni, Zn, Cu) on an inductively coupled argon 
plasm spectrometer (ICP).
Residual sediment was used for the fractionation in exchangeable, 
reducible, and total metal content.
2. Solid phase analysis
Exchangeable cations were determined on a known weight (5-6 g) of 
wet sediment and 50 ml of oxygen free 2N sodium acetate, at the pH of 
the interstitial pore waters. The mixture was shaken for 12 hours and 
centrifuged for 20 minutes at 6,000 rpm (Sorvallr GSA-400 rotor).
The supernatant is drawn off under an argon atmosphere and filtered 
through an 0.45 urn millipore filter. This was achieved by using an
argon pressure-vacuum system (Gambrell et al., 1977). Metals bound on 
the exchange sites were corrected £or water soluble concentrations 
and expressed as ug/g dry sediment.
The reducible fraction was determined through a sequential 
leaching procedure as described by Chao (1972) and Chao and Zhou 
(1983). The insoluble manganese oxides were reduced to the soluble 
manganous manganese with .1 M hydroxylamine hydrochloric acid, pH 2 
(Chao, 1972). This method has been used to extract reactive manganese 
oxides from soil, sediment, clay mineral, and other materials. A 
known weight (.5-1.0 g) of wet sediment and 25 ml of .1 M 
N^OH.HCL, pH 2 were transferred to a 50 ml centrifuge tube and 
shaken for 30 minutes at room temperature. The sample was centrifuged 
at 2500 rpm (Sorvallr SA-600 rotor) for 10 minutes and the 
supernatant was stored in a 20 ml acid-rinsed scintillation vial 
until analysis on the ICP. The insoluble amorphous iron oxides in the 
same sediment sample were reduced by .25 M hydroxylamine 
hydrochloride and .25 M hydrochloric acid at 50° celcius (Chao 
and Zhou, 1983). This method can be used to selectively extract 
amorphous iron oxides from soil, sediment, clay mineral, and other 
materials. 25 ml of .25 M NH2OH.HCL-.25 M HCL were transferred 
to a 50 ml centrifuge tube containing the above sample and shaken in 
a hot water bath at 50° celcius for 30 minutes. The sample was 
centrifuged at 2500 rpm (Sorvallr SA-600 rotor) for 10 minutes 
and the supernatant was stored in an acid rinsed scintillation vial 
until analysis on the ICP. Reducible metals were expressed as ug/g 
dry sediment.
The nitric perchloric acid digestion was used for total sediment
digestion (DeLaune et al., 1985). The sediment was oven dried (105 
°C), ground ( < 1mm) and thoroughly mixed prior to analysis.
Organic content was estimated by weight loss following sediment 
ignition at 435 + 5 °C (Lord, 1980). Grim (1968) has shown that 
structural water loss from clays occurs primarily between 450-700 
°C. The ignition loss measurements should therefore be kept below 
450 °C. Allen (1974) reported that a 375 °C ignition may be 
insufficient to completetely oxidize sedimentary organic matter.
Sedimentation rate estimates were calculated from the depth of the
1371954 horizon, the first year in which Cs was artificially
introduced into the environment (Pennington, 1973). The 1963 marker
horizon was not used because the profile peaks were not sufficiently
distinct to indicate clearly the depth at which 1963 deposition 
137occured. Cs activity in the dried core sections was measured 
on a lithium drifted germanium detector. Through a'careful bulk 
density and solid phase determination of the top millimeters of'the 
sediment an integrated estimate of the net sedimentation flux can be 
assessed, assuming a steady state solid phase distribution.
RESULTS and DISCUSSION
1. Sediment Characterization
The accumulation of sediments in an estuary is not expected to be 
uniform. Factors such as current speed and direction, geomorphology 
and bathymetry interact with each other and affect the pattern of 
sediment accumulation. Organic carbon distribution and the 
depositional environments, as characterized by the clay and fine silt
( < 20 urn) content, indicated three different environments (Table 1)* 
The upperbasin was characterized by a high fraction of coarse grained 
sediments and fairly low carbon concentrations in the top 10 cm. 
Further down in the sediment column the fine grained sediments and 
organic carbon content increases. In the lower part of the basin the 
deposition of clay and fine silt particles was apparent: highest clay 
and silt contents were noticed at the toplayer of these sediments 
(Table 1).
The relative deposition rate of aluminum silicates, as indicated 
by aluminum concentrations, clearly fluctuated with time at each 
location (Table 1). Since Al is considered to reflect weathering 
processes, fluctuations in the Al content with depth reflect 
variations in biogenic content (Bruland et al., 1974; Bertine and 
Mendeck, 1978). Vertical metal profiles of Fe and Mn indicated a 
similar but tirae-dependant incorporation of
metals into the sediments (Figure 1), which probably resulted from a 
variable deposition flux of metal-rich particles. This was accounted 
for through normalization of the metal concentrations to that of 
aluminum (Figures 2, 3, and 4). Extremely high correlation 
coefficients indicated that Cu, Zn, Pb, and Cd were governed by the 
sedimentary input. However, low Fe-Al and Mn-Al correlation 
coefficients (Figure 2) were noticed in subsurface sediments, and 
were associated with the post-depositional behavior of these redox 
elements.
Iron and manganese were thought to be partitioned between aluminum 
silicates and various authigenic phases. To provide a more 
quantitative estimate of Fe and Mn partitioning, the water soluble,
Table liSedlment Characterization with depth In Barataria Basin sediments*
Lake des Allemands
Depth Bulk Carbon Clay Silt Total Total Total Total Total Total Total
Density Content Content Content Al Fe Mn Cu Zn Cd Pb
cm g/cc X X X Ug/g Ug/g ug/g ug/g ug/g ug/g ug/g
1 .8368 .5562 2.2 7.6 10450 8009 192.2 8.37 29.96 1.23 36.02
3 .9385 .6575 2.3 8.7 9533 7244 175.9 7.63 27.61 1.04 32.95
5 1.069 .6239 2.7 9.1 10510 7622 165.2 9.05 29.11 1.26 35.84
7 1.001 .9144 3.1 11.5 11330 8186 183.8 8.98 32.31 1.18 35.25
9 .4779 .7408 2.9 11.6 10250 7126 170.6 7.42 28.26 1.01 28.97
15 .5055 2.519 4.0 14.4 37610 20940 385.4 23.88 84.47 3.37 103.2
21 .5841 3.224 11.0 28.5 40680 23090 378.2 27.65 87.91 3.57 112.9
29 .7016 2.849 11.0 41.9 41160 22660 353.1 28.18 85.69 3.63 112.9
37 .6744 2.368 10.8 47.6 39820 21810 351.6 26.11 85.66 3.48 109.1
Little Lake
1 .7066 1.285 5.9 8.1 10000 6751 149.7 7.01 27.41 1.29 34.29
3 .6947 1.584 4.6 12.5 16870 10180 239.9 12.17 43.04 2.04 55.41
5 .6949 2.084 4.2 14.4 24240 14100 393.7 16.09 59.64 2.58 76.53
7 .7171 2.297 6.2 16.2 30920 16310 472.1 19.45 74.21 3.19 95.89
9 .6617 1.799 8.3 18.8 19010 11050 302.2 12.63 50.02 2.06 62.96
15 .5901 2.147 7.9 23.9 15310 10210 357.3 14.28 44.26 2.09 53.72
21 .6682 2.707 9.1 35.9 23370 13140 457.6 17.85 58.06 2.25 69.18
29 .7262 1.303 11.2 32.8 21120 19060 424.6 15.22 52.15 2.66 65.26
37 1.038 1.114 12.9 45.1 14460 8930 239.1* 9.06 39.13 1.48 40.46
Airplane Lake
1 .4616 2.624 16.2 22.6 36750 21180 402.9 29.53 75.45 3.51 103.9
3 .4891 2.529 14.1 24.7 33650 19780 321.7 22.90 71.25 3.18 93.5
5 .5162 2.533 10.1 15.2 22160 13070 192.1 16.01 45.77 2.06 61.23
7 .5674 2.455 10.1 16.7 * 28200 16890 242.9 18.93 58.60 2.10 77.94
9 .5931 2.620 8.9 12.9 35610 20130 380.2 21.29 73.79 3.25 99.32
15 .7005 2.237 6.8 16.2 30340 18420 291.9 17.49 62.19 2.90 85.76
21 .8901 2.060 2.7 N.A. 31880 19080 307.8 19.08 64.69 2.93 89.59
29 1.092 1.698 2.1 N.A. 29440 18590 277.3 17.04 62.88 2.91 83.01
37 1.146 1.382 1.3 N.A. 22630 14740 238.7 13.49 49.25 2.26 64.76
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Figure 4 : Zinc and lead content in function of aluminum
content in Barataria Basin bottom sediments.
exchangeable and reducible fractions were determined* Metal 
partitioning in soluble, exchangeable and oxide phases indicated that 
iron and manganese held in the pore water fraction represented less 
than 1 % of the total metal content in the sediment column (Table 2). 
The exchangeable fraction became increasingly important as the 
salinity and Na+ concentrations decreased, and in the upper basin 
constituted 2.4 % of the total iron and 21 % of the total manganese 
present. The same trend was found for the amorphous iron and 
manganese oxyhydroxides. The majority of the iron and manganese was 
associated with sulfidic, organo-raetallic chelated, and crystaline {- 
Total*'' (water soluble + exchangeable + reducible)} forms in the more 
saline site. The soluble plus exchangeable and labile fraction held 
by amorphous manganese oxides (Chao, 1972) and amorphous iron oxides 
(Chao and Zhou, 1983) indicated that manganese was predominantly 
associated with the labile fraction, whereas iron was predominantly 
associated with the residual fraction {- Total ~ (water soluble + 
exchangeable + reducible)}. The low Mn-Al correlation coefficients in 
the sedimentary column were associated with a partitioning in the 
more mobile phase, thereby increasing post-depositional mobility.
The heterogeneity of the total concentrations of different 
elements along this salinity transect rendered an understanding of 
the factors affecting the distribution of these elements difficult. 
Sediment components such as clay minerals, organics, and iron and 
manganese oxides were important phases in the interpretation of both 
natural and pollutant metal content of the sediments (de Groot et 
al., 1976; Williams et al., 1978). In environments where 
particle-size distribution and mineralogy are heterogeneous,
Table 2: Partial aetal fractionation of bay bottoa sedlnents In uf/t (N-9).
Lake dea Alleaands Little Lake Airplane Lake
Soluble Exchang Acld-leachable Total Soluble Exchang Acld-leachable Total Soluble Exchang Acld-leachable Total
cable Easily Moderately eable Eaally Moderately cable Easily Moderately
Fe 7.69 351.0 2209.6 2241.6 14076 .31 4.87 596.5 1400.1 12192 .53 1.04 310.5 2095.3 179861.58 95.3 201.4 373.3 2554 .07 2.14 139.6 154.5 1281 .09 .22 68.9 127.1 879
Mn 1.16 49.6 161.8 47.6 261.7 1.99 33.2 144.1 60.1 337.3 .81 2.68 37.5 41.5 295.11 6.18 16.9 7.9 33.6 .17 2.33 18.4 5.6 37.1 .23 .71 10.9 3.1 22.5
Al .06 3.11 89.9 1276.1 23482 .09 2.11 37.2 989.8 19477 .78 1.08 44.1 1620.6 30073.01 .63 11.3 206.1 5177 .03 .11 3.4 92.7 2077 .16 .11 2.1 131.6 1721
Cu .05 N.D. 1.8 5.5 16.4 .09 N.D. 1.1 5.7 13.7 .058 N.D. .82 1.1 19.5.01 .22 .67 3.2 .03 .09 .69 1.3 .013 .06 .19 1.5
Zn .07 .12 4.8 19.9 54.5 .038 .04 1.9 19.6 49.7 .032 .048 1.8 21.5 62.6.01 .05 .65 3.1 9.9 .006 .007 .29 2.5 4.5 .007 .013 .19 .66 3.4
Pb N.D. .25 13.9 10.9 67.4 N.D. .08 10.3 12.5 61.5 .066 .053 7.8 9.6 84.3.07 2.6 1.6 13.3 .004 .88 1.4 6.2 .017 .003 .59 .59 4.8
Cd N.D. .06 .74 .62 2.2 N.D. .03 .5 .69 2.2 .024 .025 .38 .35 2.85.01 .12 .09 .42 .001 .05 . •!« .21 .004 .002 .03 .02 .15
Mean
Standard Error 
N.D. : Non Detectable
substantial variability in heavy metal concentrations would thus be 
expected, even in the absence of significant local sources of metal 
contamination. Correlation analysis indicated that all these trace 
and heavy metals were significantly correlated with the fine grained 
particle size and organic carbon content. Similarly,- Sweeney (1984) 
has shown that sediment particle size was correlated with metal 
levels in sediments. Also, Ipshording and Shaw (1980) and Ipshording 
et al. (1985) stressed the importance of organic content and clay 
mineralogy in controlling metal concentrations.
In order to group trace and heavy metals in this sedimentary 
environment, a principal component analysis was used to reduce the 
number of variables and problems due to multicollinearity. This 
method produces a set of principal components, which maintains most 
of the information about the variation in the original data. The 
principal components were calculated using SAS (1982) "Princomp" 
procedure. The unrotated factor pattern indicated that more than 92% 
of the variation of Al, Fe, Cu, Zn, Cd, and Pb was accounted for by 
the first component, but only 62% of the variance of Mn. A varimax 
rotation of factor scores was performed using SAS (1982) "Factor" 
procedure in order to facilitate the interpretation of the principal 
components (Table 3). This resulted in a shift of the factor loading 
of Mn to the second principal component: 85% of its variation was 
attributed to the second factor. As the major portion of Mn in these 
sediments was available in the labile fraction (water soluble + 
exchangeable + reducible) (Table 2), this unique behavior was 
probably associated with post-^iepositional mobility.
The second objective of this study was to predict the metal
56
Table 3: Factor analysis of total metal distribution at all three locations.
Eigenvalues of the correlation matrix: total"7.00
1 2 3 4 5 6 7
Eigenvalue 6.426 .435 .069 .045 .018 .005 .002
Difference 5.992 .366 .023 .027 .013 .003
Proportion .918 .062 .01 .006 .002
Cumulative .918 .98 .99 .996 .999 .999 1
Factor Pattern
Factor 1 Factor 2
Total Al .985 -.154
Total Fe .969 -.131
Total Mn .787 .616
Total Cu .971 -.088
Total Zn .991 -.022
Total Cd .992 -.026
Total Pb .993 -.072
Variance explained by each factor
Factor 1 Factor 2
6.42 .43
Final communality estimates: Total" 6.861
Al Fe Mn Cu Zn Cd Pb
.994 .957 .999 .951 .983 .984 .992
Rotated factor pattern
Factor 1 Factor 2-
Total Al .936 .342
Total Fe .912 .354
Total Mn .390 .920
Total Cu .892 .394
Total Zn .878 .460
Total Cd .880 .457
Total Pb .903 .418
Variance explained by each factor
Factor 1 Factor 2
5.019 1.842
Final communality estimates: Total" 6.861
Al Fe Mn Cu Zn Cd Pb
.994 .957 .999 .951 .982 .984 .992
content and distribution in these sediments from organic content and
the fine grained sediment fraction. The percentages of organic
carbon, clay, and silt were chosen as the predictor variables.
Regression analysis indicated that the first principal component was
2adequately (model r •■•80 ) predicted by the carbon content
of the substrate. The input of clay (prob >T«.88) and silt (prob 
MV.24) in the regression model did not significantly improve the 
analysis. The dependence of trace elements on organic matter was 
related to the formation of insoluble complexes between metals and 
the organic matter upon deposition. Organic matter has both a cation 
exchange capacity and the chelating ability. These complexes result 
from the binding of the metals through carboxyl an phenolic 
functional groups (Adriano, 1985). Significant metal''organic carbon 
correlations in previous metal enrichment studies has led to the 
suggestion that biological uptake is an important part of the 
depositional process (Leland et al., 1973; Banus et al., 1975).
The second principal component, however, could not be predicted by 
the regression analysis (prob >F-.74). This suggested that the second 
component was governed by oxido-reduction processes in the sediment. 
This hypothesis was tested for short sediment cores, which were 
sectioned in 5mm intervals, down to a depth of 4 cm. Redox potential, 
interstitial pH, and trace metal contents were measured, and 
exhibited a distinct site specific profile (Table 4). Redox potential 
exhibited a sharp decrease in the top few centimeters of the 
sediment, resulting in the dissolution of manganese and iron 
oxyhydroxides (Figure 5). This corresponded with sharp subsurface 
peaks of ferrous iron and manganous manganese in Airplane Lake bottom




















.25 380 6.70 .2543 .2033 1.224 .0583 .0231 N.D. .0036 .0417
.75 -5 7.20 .4887 5.750 2.574 .0096 .0231 N.D. .0382 .0654
1.25 -50 6.80 .1911 5.734 2.532 .0299 .0100 .0007 .0596 .0245
1.75 -80 6.50 .2756 8.257 2.807 .0544 .0167 .0035 .0894 .0260
2.5 -130 6.85 .2005 9.240 3.323 .0184 .0097 N.D .0489 .0093
3.5 -150 7.35 .2819 8.278 3.095 .0072 .0091 N.D. .0322 .0100
Little Lake
.25 370 7.60 .0783 .2085 1.058 .0280 .0011 .0090 .0701 N.D.
.75 150 7.92 .1128 .3691 1.352 .0156 .0011 .0039 .0569 .0025
1.25 65 7.80 .0908 .9310 1.481 .0277 .0040 .0022 .0509 .0892
1.75 -5 7.75 .0658 .3436 1.280 .0417 .0037 .0046 .0593 .0285
2.5 -75 7.70 .4229 .2049 1.247 .0161 .0119 .0002 .0017 .0153
3.5 -155 7.25 .3508 .1858 1.287 .0111 .0097 .0078 .1492 .0096
Airplane Lake
.25 255 7.85 .8460 1.067 7.282 .0271 .0375 .0416 .2430 .0611
.75 5 7.92 .8511 3.948 8.374 .0207 .0371 .0430 .2482 .0648
1.25 -55 8.08 .9845 1.632 7.164 .0289 .0401 .0405 .2737 .0695
1.75 -100 8.22 .9164 .7597 4.616 .0262 .0382 .0389 .2737 .0680
2.5 -190 8.35 .8369 .8862 4.215 .0181 .0371 .0416 .2562 .0755
3.5 -225 8.33 .6999 .670 2.834 .0142 .0313 .0334 .2015 .0619
KJ\00
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Figure 5 : Iron and manganese oxide distribution in Barataria Basin
subsurface bottom sediments*
sediments (Figure 6).
Principal component analysis of subsurface metal contents (Table 
5) indicated that the first factor, associated with the sedimentary 
influx of metal-rich organic material, accounted for 79% of the 
variability in iron and 72% in the variability in manganese. Upon 
rotation, both redox elements exhibited a strong shift in factor 
loadings to the second component (Table 6). This supports the idea 
that both iron and manganese were subject to mobilization. Regression 
analysis indicated that the second principal component was adequately
2 *v(model r ".35 ) predicted from subsurface redox measurements
(prob >T-.016), and independant of the organic carbon content (prob
>T-.A7).
The release of heavy metals (e.g. Cd, Pb, Ni, Cu, and Zn) upon 
sequential leaching with hydroxylaroine hydrochloride provided 
evidence that these elements were occluded in the hydrous oxide 
phases of iron (Table 7) and manganese (Table 8). All these elements 
are positively correlated with the amorphous iron and manganese 
oxides and released as much as 50% of the total concentrations 
present in the subsurface layer of the sediment column. Shuman (1985) 
reported for an upland soil fractionation that Cu and Zn are mainly 
associated with crystalline iron oxides. This study, however, 
indicated that occluded Cu and Zn are mainly associated with the 
amorphous iron oxides, whereas Cd and Pb are equally distributed 
between manganese and iron oxides.
Factor analysis indicated a similar behavioral pattern for the 
coprecipitated and occluded elements upon sequential leaching. The 
amount of Fe, Mn, Ni, Zn, Cd and Pb released was adequately predicted
61
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Figure 6 : Interstitial iron and manganese concentrations
in Barataria Basin subsurface bottom sediments
Table 5t Sediment subsur£ace characterization in bottom sediments*
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.25 .9180 12560 10640 307.5 5.29 37.97 1.08 37.40.75 .7091 11790 9604 222.5 4.50 28.97 .85 34.831.25 .7906 12350 8228 259.2 5.90 29.96 1.08 36.551.75 .6551 11900 8205 214.7 4.02 29.46 1.01 35.692.5 .6307 10440 7160 183.8 4.07 26.99 .75 30.383.5 .7107 9822 ' 6550 171.2 4.91 24.05 .64 28.67
Little Lake
.25 1.6468 20670 11000 330.6 9.23 48.46 1.81 59.05.75 1.0721 16470 8810 245.8 6.53 37.63 1.32 47.84
1.25 .8382 17270 8154 243.9 4.91 38.13 1.12 47.781.75 .7901 14980 7378 240.0 4.50 34.37 1.05 41.42
2.5 2.1238 24950 12900 442.3 11.51 54.60 2.03 71.04
3.5 1.3188 20200 10480 348.4 9.66 45.32 1.70 57.69
Airplane Lake
.25 2.7222 33440 21180 696.3 14.31 80.15 2.19 88.67
.75 2.5839 32520 12590 381.2 13.60 67.05 2.11 86.01
1.25 2.5954 31950 11990 351.1 13.83 65.10 2.09 85.76
1.75 2.5073 27000 10620 295.5 . 13.14 56.09 1.95 73.95
2.5 2.5519 29800 11990 302.1 12.91 58.69 2.04 82.08
3.5 2.4155 36140 12600 335.8 13.39 67.87 2.24 93.28
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Table 6 : -Factor analysis of total metal distribution in subsurface 
sediments*
Factor pattern
Factor 1 Factor 2
Total Al .966 -.229
Total Fe .889 .439
Total Mn .846 .520
Total Cu .964 -.197
Total Zn .993 -.025
Total Cd .964 -.181
Total Pb .972 -;224
Variance explained by each factor
Factor 1 Factor 2
6.232 .638
Final communality estimates: Total- 6.87
Al Fe Mn Cu Zn Cd Pb
.986 .983 .986 .968 .988 .963 .995
Rotated factor pattern
Factor 1 Factor
Total Al .914 .386
Total Fe .458 .879
Total Mn .375 ..919
Total Cu .894 .410
Total Zn .816 .566
Total Cd .885 .424
Total Pb .916 .393
Variance explained by each factor 
Factor 1 Factor 2 
4.277 2.593
Final communality estimates: Total- 6.87
Al Fe Mn Cu Zn Cd Pb
.986 .983 .986 .968 .988 .963 .995
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Table 7: Amorphous iron oxides and occluded metals in subsurface layer.
Lake des Allemands
Depth Feoox Acid-leachable Metals
Mn Ni Cu Zn Cd Pb
cm ug/g ug/g ug/g ug/g ug/g ug/g ug/g
.25 3122.4 81.38 3.110 9.770 18.62 .3900 8.720
.75 825.8 16.97 1.154 2.839 7.330 .1357 3.500
1.25 1768.9 42.42 2.882 5.339 17.35 .3513 8.430
1.75 1004.7 20.41 1.702 3.952 10.47 .1820 5.004
2.5 1743.5 38.08 2.936 4.201 16.75 .2697 8.780
3.5 3034.1 72.27 4.331 5.215 22.89 .5227 11.94
Little Lake
.25 2182.4 81.08 5.136 4.990 24.26 .5322 14.13
.75 1997.6 63.42 4.494 2.481 21.98 .4807 12.79
1.25 1835.1 • 73.38 3.768 1.843 19.78 .4548 11.02
1.75 1399.4 56.18 3.271 2.049 17.52 .3493 9.63
2.5 1550.3 98.77 4.605 3.165 23.40 .5038 12.12
3.5 1704.0 140.62 4.466 3.790 25.46 .4980 13.82
Airplane Lake
.25 2475.4 162.83 3.696 23.16 27.18 .6299 12.72
.75 2808.2 118.96 4.568 5.38 26.65 .7071 14.75
1.25 3009.7 101.80 4.167 1.87 23.22 .7000 13.95
1.75 3285.0 77.63 4.573 1.38 27.13 .7388 14.62
2.5 2298.7 52.50 3.835 1.31 21.84 .5738 12.30
3.5 2695.1 54.55 3.859 1.08 24.67 .7281 13.48
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Table 8i Manganese oxides and occluded mecals in subsurface sediments.
Lake des Allenands
Depth Mnoox Acid-leachable Metals
Fe Ni Cu Zn Cd Pb
cm ug/g ug/g ug/g ug/g ug/g ug/g ug/g
.25 364.4 1201.4 2.157 18.59 14.8 .2960 2.816
.75 84.0 958.4 .728 5.91 3.08 .1121 1.541
1.25 195.4 2581.6 1.759 7.25 6.84 .3427 3.438
1.75 108.7 1430.6 1.046 3.46 4.72 .1735 2.606
2.5 .179.1 2178.1 1.457 3.61 7.31 .2439 3.142
3.5 239.9 2409.2 1.986 2.55 7.27 .3136 3.457
Little Lake
.25 258.3 1187.1 2.182 2.338 11.61 .2571 2.152
.75 177.5 1421.1 1.505 .4807 4.57 .2432 1.737
1.25 153.1 945.4 1.070 .2036 3.94 .1624 1.247
1.75 156.9 754.7 1.024 .2110 4.27 .1538 1.814
2.5 185.6 251.9 1.030 .2220 4.72 .1544 1.397
3.5 215.8 203.1 .748 .2140 2.38 .1557 1.685
Airplane Lake
.25 460.3 1118.1 1.505 6.608 19.69 .3605 3.232
.75 149.1 904.2 1.245 2.215 8.41 .1595 2.290
1.25 103.2 831.6 .859 1.189 3.31 .1649 1.519
1.75 90.1 679.9 .635 .943 2.74 .1648 1.502
2.5 86.5 1011.8 .669 .682 3.29 .2275 1.813
3.5 77.8 633.5 .564 .661 2.49 .1638 1.092
2by the manganese oxide (model r -.56 ) and iron oxyhydroxide
(model r *.45 ) content of the subsurface layer, but copper
was not. It was apparently related to the second principal component. 
Copper concentrations in the exchangeable phase were undectable in 
all three environments, and in the water soluble phase it only 
accounted for a maximum of .7% of the total metal content. Upon an 
increase in salinity, only 10% was held in the reducible phase, 
indicating the importance of the organic'' and sulfide bound fraction. 
Pb and Zn content in the reducible phase was relatively constant over 
the salinity transect and accounted for approximately 40 and 30% of 
the total metal content, respectively.
2. Metal Accumulation
Accretion rate estimates were calculated from the depth of the
137 •1953 horizon, the first year in which Cs was artificially 
introduced into the environment (Pennington et al., 1973). The 1963 
marker horizon was not used because the profile peaks were not 
sufficiently distinct to indicate clearly the depth at which 1963 
deposition occurred (Figure 7). Sedimentation rate estimates were
—1 -4from 1.05 cm yr .70 cm yr and .65 cm yr for
Airplane Lake, Little Lake and Lake des Allemands sediments,
respectively.
Burial estimates were obtained from mean concentrations below the 
bioturbation zone (4-40) in each sedimentary environment (Table 9). 
Results indicated a significant higher accumulation rate at the lower 
estuary. The removal of particulate metals and organic material in 
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Table 9: Vertical accretion, trace and heavy metal accumulation rates for Barataria basin
bottom sediments*
Site Accretion 











Freshwater 6.5 • 72a 117.0a 69. la 1.25a • 268a • 081a .011a • 333a
.09 22.3 10.8 .13 .041 .013 .002 .057
Brackish 7.5 .73a 106.6a 66.7a 1.88b • 271a • 074a .011a • 331a
.05 10.6 6.9 .13 .022 .005 .001 .031
Salt 10.5 • 79a 245.6b 149.8b 2.38b • 514b • 149b • 023b • 690b
.09 29.7 19.6 .31 .064 .015 .003 .085
* Integrated mean from 4 to 40 cm depth (N=*7) +/- standard error*
Means with the same letter are not significantly different (Duncan’s criterion).
probably Increased the metal flux in the more saline endmember. The 
sedimentation flux at the aediment-water interface, calculated from 
the mean metal content in the subsurface layer indicated that 
present-'day metal fluxes indeed "concentrated" (mass / unit-area) the 
trace and heavy metals in the lower estuary by a factor of two to 
four (Table 10). Higher sedimentary fluxes in the saline endmember 
were attributed to higher accretion rates and elevated metal 
subsurface concentrations in Airplane Lake.
Iron sedimentation and burial fluxes in each sedimentary
environment were not significantly different. Manganese burial fluxes
in Airplane Lake, however indicated a significant depletion in
respect to the sedimentary input, suggesting a depletion rate of 1.95 
- 2 -1g Mn m yr . The integrated iron to manganese, and aluminum 
to manganese ratio's of both fluxes Increased with depth, indicating 
significant post-depositional mobility of Mn.
Table 10: Subsurface accretlonary flux of trace and heavy metal in Barataria basin
bottom sediments.
Site Accretion 







t -2 ~ K  (g m yr )
Zn Cu Cd Pb
Freshwater 6.5 • 83a 74. 6a 54.6a 1.47a • 192a .031a • 006a • 220a
.04 2.9 4.0 .13 .012 .002 .001 .009
Brackish 7.5 .67b 133.6b 68. 5a 2.16a • 301b • 054b .010b .379b
.02 10.3 5.9 .23 .022 .008 .001 .030
Salt 10.5 • 45c 349.9b 148.4b 4.3b .724° . 149C • 023C .934°
.02 14.1 17.2 .68 .038 .002 .001 .029
* Integrated mean from 0 to 4 cm depth (N=6) +/— standard error
Means with the same letter are not significantly different (Duncan's criterion).
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ABSTRACT
Diffusion and physical mixing coefficients were determined in
freshwater and marine sediments of Barataria Basin through the use of
non-steady state diffusion cell incubations, and the use of a kinetic
silica model, respectively.
Chloride diffusion rates could be adequately determined by
non-steady state diffusion cell incubations, indicating the validity
of the experimental set-up. Diffusive non-steady state determination
2+ 2+of diffusion coefficients indicated that Ca , Mg and
*4*K mobility could be described by simple linear desorption 
isotherms in shallow marine sediments. The diffusion coefficients 
found at the sediraent-water interface for Ca^+ , Mg^+ and K+ were:
O 1̂ n  | i  a
6.1 x 10 cm sec , 6.0 x 10 cm sec and 17.0 x 10 cm sec 
respectively.
Physical mixing coefficients were estimated as 1 x 10 and 6 
-5 2 -1x 10 cm sec for the freshwater and marine sediments, 
respectively. Mass transport through physical or biological turbation 
across the sediment’̂ ater interface occurred at a rate of about ten 
to twenty times faster than through diffusion alone.
INTRODUCTION
Diffusion or migration of dissolved aqueous species in porous 
media can occur in response of concentration or activity gradients* 
The mass transfer coefficient is an important parameter in 
modeling concentration profiles of pore water solutes of saturated 
sediments* Assuming constant molecular diffusion coefficients 
throughout the sediment column is often a source of error when 
diagenetic models are used to verify a kinetic mechanism or to 
evaluate the rate of reaction of the solute under consideration. In 
the interstitial water of a sedimentary layer where mass transfer 
occurs according to Fick's laws, and where a reaction proceeds at a 
rate r, the concentration profiles c(z,t) of the various chemical 
species can be calculated from the equation as first applied by 
Berner (1971):
DCjj/Dt"d(D^ x dCjj/dz)/dz + ,
where D^(z) is the mass transfer coefficient or apparent 
diffusion coefficient of a chemical species at a sediment depth z. 
This one-'diraensional depth model is justified by the fact that 
vertical solute gradients in pore water composition are generally 
much greater than lateral gradients* The diffusion coefficient can be 
assessed by direct measurements, which involve establishing an 
activity gradient of an inert solute and monitoring the subsequent 
compositional changes generated by diffusion (Li and Gregory, 1974; 
Fanning and Pllson, 1974; Stoessel and Hanor, 1975) or by indirect 
measurements utilizing resistivity techniques (Manheira, 1970; Manheira 
and Waterman, 1974; McDuff and Ellis, 1979; Ullman and Aller, 1982).
The sediment subsurface layer or benthic boundary layer is 
characterized by a low degree of compaction, high porosity and high 
biological activity. Perturbations by flowing water, and meio- and 
macrofauna frequently result in a chemical and physical 
disequilibrium (Aller, 1977; Vanderborght et al., 1977). This implies 
that mass transport at the sediment-water interface cannot be treated 
through the use of whole sediment diffusion coefficients. The use of 
adequate transport coefficients therefore becomes a necessity if pore 
water profiles are utilized to calculate solute fluxes from the 
sediment. Advective fluxes can be estimated from tracer laboratory 
experiments (e.g. Aller, 1977; McCaffrey et al., 1980; Rutgers van 
der Loeff et al., 1984), but can also be calculated from pore water 
profiles utilizing a two-layer silica model as described by 
Vanderborght et al. (1977).
The objective of this study was to determine the vertical 
variability in solute mass transfer coefficients in shallow bottom 
sediments. Diagenetic modeling of interstitial Si profiles as first 
applied by Vanderborght et al. (1977), non-steady state diffusion 
cell incubations, and continous current conductivity techniques were 
used for depth and site specific transport coefficient 
determinations.
MATERIALS and METHODS
Sediment cores were collected with a 10.2 cm I.D. coreliner from 
two locations in Barataria Basin, a large interdistributary estuarine 
basin. Lake des Allemands and Airplane Lake were chosen as
representative sites for freshwater and saltwater environments* 
respectively.
Care was taken during coring not to lose the easily resuspendible 
material at the sediment surface. The cores (40~50 cm sediment + 
10-'20cm water) were sealed with rubber stoppers and transported in a 
vertical position. Two cores were collected at each location. The 
first one was sectioned immediately upon return to the laboratory 
after carefully discarding the overlying water and sectioned in 2 cm 
intervals. Pore waters were extruded anaerobically through 
centrifugation and filtered through 0.45 um millipore filters. The 
samples were acidified with 6 N HNO^ to pH 3 and refrigerated 
until chemical analysis. Major cations were determined through 
inductively coupled argon plasma spectrometry (ICP). Chloride 
concentrations were determined with a Dionex ion chromatograph. The 
second core was sectioned in 2 cm sections and incubated in a 
diffusion cell (Figure 1).
1. Non-steady state diffusion cell
Diffusion coefficients were determined in a non-steady state 
diffusion cell for shallow water sediments.
The initial and boundary conditions for the diffusion cell were 
set as follows:
C « C q> 0 < x < s  t*0
C ■ 0, 8 < x < (s + a) t"0
a (dC/dt) ■ -D (dC/dx), x-s t > 0
dC/dx -0, 8 < x < ( s + a )  t > 0
a
where C » concentration in g cm at time t (s) and distance x
o










Figure 1 : Non-steady state diffusion cell
are dimensional parameters as defined in Figure 1. Due to geometric 
symmetry, only half of the model needed to be considered, i.e. the 
area between x»0 and x-s+a.
A 2 cm sediment section was incubated and separated from a 2 cm 
water column by a Whatman qualitative filterpaper (// 1, with particle
retention of 11 um) in order to minimize disturbance of the sediment.
Anaerobic incubation was assured with nitrogen purging through both 
sampling ports and sample volumes (4-5 ml) were replaced by deionized 
oxygen-free water.
Stoessel and Hanor (1975) (from Crank, 1970) reported the 
following analytical solution for the diffusion of salt from region A 
(inert porous material) into a homogenous region B:
(eq. 1) M^Moo ■ (1 + b) [1 - exp ( T/b2) erfc ( T*5/b)]
2with T - Djt / s < 1, M ■ amount in grams of
component i which has diffused into region B at time t, M» “ amount
of component i which has diffused into region B at infinite time, and 
b ■ equilibrium ratio of the amount of the component in region B to 
region A at infinite time. For an inert porous medium, b is simply 
the volume ratio of fluid in region B to region A.
Equation (1) is applicable when T < 1. By measuring M and t 
it is possible to determine D^ for anion diffusion.
In any sedimentary environment cation exchange will occur. The 
amount of exchangeable cations was assessed with 2 N Na-acetate at 
the same pH of interstitial pore waters and extracted under an 
anaerobic atmosphere. Anaerobically extracted cation samples (water 
soluble and exchangeable) were acidified to pH 3.0 with HN03 and 
analyzed on the ICP. The relationship between the concentration of a
cation, C^, in the interstitial solution, to its concentration,
S^, on the exchange complex was given by:
(eq. 2) ®i " x ^i 
where k^ is defined as the exchange ratio for cation i. Fick's 
second law of diffusion was expanded to account for desorption and 
slow occuring chemical reactions affecting (Berner, 1976):
(eq. 3) DCj/Dt - 1/* d(* x D£ dC^/dxVdx - dS^dt + R^ 
where concentration of dissolved i in g per cm of 
pore water, S^m concentration of i on the exchange sites in g
^3 . ~3 «3 vcm , t ■ porosity (cm per cm of sediment), -
, 2  -'I vsediment diffusion coefficient (cm sec ), t ■ time in sec 
and x - depth in cm.
Substituting (eq. 2) into (eq. 3) gave :
(eq. 4) DC^Dt- (Dj/d+k)) d ^ / d x 2 + R/(l+k)
In a sedimentary system where cation diffusion occurs linear 
desorption was assumed with the same analytical solution as (eq 1). 
Incorporating exchange in eq 4 changed the values such that M** ■ 
sCj/(l+l/b) and b - a/(k+l)s. Thus T ■ D^t/(k+l) s2, 
with T < 1 as restriction upon the use of equation 4 as analytical 
solution.
2. Conductivity Technique
An alternative determination of the bulk sediment diffusion 
coefficient was made by correcting the free solution diffusion 
coefficient for the effect of sediment structure. The free solution 
diffusion coefficient was estimated from compilations of tracer or 
self*^iffusion coefficients appropriately modified for solution 
viscosity (Li & Gregory, 1974 ).
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Indirect determination of the bulk sediment diffusion coefficients
were made from the formal relationship between the free solution and
the bulk sediment diffusion coefficient (McDuff and Ellis, 1979;
Ullman and Aller, 1982),
(eq. 5) Dfl - D£ / (♦ x F)
where D is the bulk sediment diffusion coefficient of solute s
i and is the free solution diffusion coefficient of solute i,
♦ is the porosity, and F is the formation factor. The product of 
porosity and formation factor is defined as tortuosity (Bear, 1972). 
The formation factor, F of a porous sediment is defined as :
(eq. 6) F - R / R
8 W
where Rg is the electrical resisivity of the saturated bulk
sediment, and R is the resistivity of the interstitial solution w
(Archie,1942). Replicate pore water resistivities were measured by 
conductivity determinations with a Fisher conductivity meter equipped 
with a temperature compensated conductivity probe. Sediment 
conductivity was assessed with a conductivity cell using a 1 cm 
diameter coring device and compared with direct probe measurements. 
Averages of triplicate determinations were used to calculate the 
formation factor. The conductivity probe and conductivity cell were 
standarized with .001, .01, .05, .1, .5 and IN KC1. The formation 
factor was estimated by the ratio of pore water to sediment 
conductivity.
3. Kinetic Silica Model
The kinetic equation described by Vanderborght et al. (1977) is a 
two-layer Si model at steady state:
(eq. 7) D. d2Si/dz2 - w dSi/dz + ke. (Si -Si) - 0X Ol 88
' * 84
where D^ represents the mass transfer coefficient in the layer
considered, is an apparent kinetic constant, Si is the
concentration of dissolved silica and Si is the steady state or88
equilibrium concentration of dissolved silica reached at depth (z).
The solution for the two-layer model is given by Vanderborght et al.
(1977). The boundary conditions imposed to solve this equation are as 
follows: at z«0, the concentration is equal to the silica 
concentration in the overlying waterbody. At greater depth, the 
concentration tends to a finite value. At the interface between the 
upper and lower layer (z*zn) the concentration in each layer are 
equal and the flux across this interface is conservative:
I - Dj dSi/dz | - - D2 dSi/dz | 
at z»zn
RESULTS and DISCUSSION 
1. Diffusion coefficients
A series of diffusion cell experiments were run for sediment 
sections from different locations and varying depth, and analyzed for 
Ca^+ , Mg^+ , K+ and Cl • The diffusional flux of
chloride as a conservative anion was used to test the validity of the 
experimental procedure (Figure 2). An iterative least square approach 
was applied to calculate whole sediment diffusion coefficients. This 
resulted in a fairly good agreement between observed and computed 
chloride concentrations with time. Diffusion coefficients were 17.2,
16.6, 16.1, and 15.7 x 10~^ cm  ̂sec at the 1, 3, 9,
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Figure 2 : Non-steady state chloride diffusion in marine sediments 
at 1, 3, 9, and 15 cm depth*
and 15 cm depths, respectively. The obtained chloride diffusion 
coefficients for each sediment section compared to within 5% of 
coefficients calculated from tortuosity corrected self-^diffusion 
coefficients, indicating the validity of the experimental set-up.
Tortuosities calculated from formation factor determinations, 
served as a composite measure of the effects of particle morphology 
and packing. Ullman and Aller (1982) reported that the formation 
factor could be adequately predicted by an empirical relationship
between F and 6* For unlithified sands or muds with 9 < .7, F-
-2 "2.5 -3.0f holds, whereas F- 0 to + applies when $ >.7.
As such the decrease in whole sediment diffusion coefficients with
depth reflected a significant decrease in porosity with depth in
coastal sediments (Table 1).
Calcium, magnesium, and potassium diffusive fluxes measured in 
salt and freshwater sediments exhibited different patterns (Figures 3 
and A). At each site similar, but depth dependant profiles were 
noted. This variability in solute transport reflected concentration 
gradient, cation exchange capacity, and/or transport coefficient 
differences. Through the use of a linear desorption isotherm, cation 
exchange was incorporated in equation 1, and solved for the whole 
sediment diffusion coefficients. Results showed good agreement 
between model and experimental fit in the saline sediments (Figure 
5). Cation transport in freshwater sediments, however, could not be 
described by a linear desorption isotherm (Figure 6). The plentiful 
supply of cations on the exchange complex (Table 1) created an 
increase in water soluble interstitial pore water constituents during 
the length of the experiment (Table 2). An increasing transient













0-2 0.82 1.34 1.64 .93 .61 .71
2-4 0.79 1.43 1.80 1.43 .74 1.06
8-10 0.77 1.52 1.92 2.07 1.04 1.29
14-16 0.72 1.64 2.27 2.50 1.27 1.54
Freshwater
0-2 0.68 1.48 2.16 23.9 13.3 8.0
2-4 0.63 1.58 2.51 29.3 16.8 12.7
8-10 0.58 1.83 2.97 38.0 22.5 11.1
14-16 0.78 1.57 1.86 47.0 27.5 9.1
i : initial measurement at t**0
f : final measurement at t*300 h
* : F» d for <fr > .7 and F» $  ̂for ^ < .7
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Table 2 : Initial and final watersoluble interstitial porewater 
concentrations (ppm), respectively with depth (cm)
Ca Mg K
i f i f i f
Saltwater
*
0-2 223.1 86.1 575.1 266.5 249.3 116.4
2-4 225.1 86.9 495.1 265.2 248.1 117.3
8-10 233.4 72i3 465.0 226.0 232.6 103.6
14-16 229.1 79.4 485.3 214.9 222.8 101.4
Freshwater
0-2 16.8 40.8 8.5 19.3 1.7 1.9
2-4 16.6 41.9 9.1 22.2 4.0 4.1
8-10 22.1 34.6 12.3 17.9 5.1 4.1
14-16 21.4 24.4 15.5 13.9 2.9 6.3
concentration gradient resulted in a steady increasing diffusional 
flux in freshwater sediments (Figures 4 and 6). However, adsorption 
equilibria in saline sediments, characterized by low exchange 
ratio's, showed a good response to a linear adsorption~desorption 
approach as described by equation A. Nevertheless^ at smaller time 
values, the rate of diffusion was usually lower than that predicted 
by the model* This reflected not only a possible lag-phase, but also 
the fact that the transport coefficient measured by the experiment is 
an integral value, which is a function of the length of the 
experiment and the magnitude of the concentration gradient at t-0.
Diffusion coefficients calculated from experimentally determined 
formation factors indicated an overestimation of the diffusion 
coefficient (Table 3). Coefficients were 5 to 13%, and 9 to 16% 
higher than the empirically determined coefficients in Airplane Lake 
and Lake des Allemands, respectively* The continous current 
conductivity determination of the formation factor resulted in 
erroneous correction factors, especially in freshwater sediments* 
Correcting solution diffusion coefficients with tortuosities 
calculated from formation factor measurements assumed that the 
conductance by the solid matrix was neglible. Turk (1976) has shown 
this to be the case* The uncertainty about the validity of 
resistivity techniques consists of the lack of experimental evidence 
for the proportionality of the tortuosity and the formation factor in 
order to infer the sediment diffussion coefficient (HcDuff and Ellis, 
1979; Lerraan, 1979).
Table 3 : Experimentally determined diffusion coefficients with depth
at 22° C. (10“6 cm^ sec”*)
Ca ' Mg K
a b a b a b
Saltwater
0-2 6.1 5.7 6.0 5.4 17.0 15.1
2-4 5.6 5.4 5.6 5.1 16.8 14.2
8-10 5.4 5.2 5.3 4.9 14.9 13.7
14-16 5.0 4.7 4.9 4.5 14.1 12.4
Freshwater
0-2 5.7 5.2 5.5 4.9 16.5 13.8
2-4 5.3 4.8 5.1 4.6 14.9 12.8
8-10 4.6 4.4 5.0 4.2 13.1 11.7
14-16 5.9 5.3 5.5 5.0 15.9 13.9
a: diffusion cell determination - best fit 
b: tortuosity corrected diffusion coefficients with: 
F*» $ for 4 >.7 and F» $ ^ for $ <.7
2. Transfer coefficients
The study of Vanderborght et al. (1977) has shown that physical 
mixing and the determination of a physical mixing coefficient can be 
obtained through the use of pore water data of dissolved silica. Mass 
transfer properties of dissolved substances through the benthlc 
boundary layer are affected not only by bioturbation, but also by the 
turbulent nature of momemtum transport In the subsurface layer. 
Production or consumption of various solutes during chemical and 
biochemical reactions between Interstitial pore water and sediments 
are responsible for the observed concentration gradients.
Vanderborght et al. (1977) postulated that when the rate of reaction 
Is known, the modeling of vertical concentration profiles provides an 
Indirect estimate of mass transfer coefficients In the sedimentary 
column, and of the exchange of dissolved substances through the 
benthlc boundary layer.
The net rate of dissolved silica production results from 
competition between dissolution of highly reactive opal and 
reprecipitation processes. The global rate of reaction is described 
by the kinetic relation re. - ke. x (Si "Si), and as
b l  b l  S S
such the only unknown parameters are and kg^. The 
distribution of dissolved silica in the lower part of the sediments 
is very sensitive to values of kg^, whereas the upper part reacts 
to values of Dj.
The rate constants deduced from field observations are between 1 x
"7 "710 and 5 x 10 , which are similar to the rate constants
reported by Vanderborght et al. (1977) and Hurd (1973). The mass 
transfer coefficients for the upper sediment layer ranged from 1 x
~5 -510 to 6 x 10 , which is about one order of magnitude
higher than whole sediment diffusion coefficients for the upperlayer
(Figure 7), indicating the importance of mixing coefficient
determinations.
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Figure 7 : Iterative best two-layer silica model fit in Barataria Basin bottom sediments.
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CHAPTER FOUR
Iron and Manganese Diagenesis in Barataria Basin Sediments
ABSTRACT
2+ 2+Interstitial pore water concentrations of Fe and Mn
were measured monthly from August 1984 to August 1985 at three
sampling stations in the upper, middle, and lower areas of Barataria
2+Basin* Seasonal measurements indicated subsurface maxima of Fe 
2+and Mn during the summer and early fall, and minima during the 
winter and early spring in sediments of the lower basin. The upper 
and lower basin stations showed less subsurface variation, but 
exhibited vertical shifts in minimum and maximum concentrations 
during the year.
Sedimentation and particle mixing rates increased from the upper
basin, seawards. Sedimentation rates ranged from 0.65 cm yr~* in
the upperbasin up to 1.05 cm yr * in the lower estuary. Particle
2 -1mixing coefficients estimates ranged from 1 to 5 cm yr in
2 -1Airplane Lake and between 0.2 and 1 cm yr in Lake des
2+Allemands. Mass balance calculations indicated that Fe and 
2+Mn cycling occurred eight times faster in the saline site as 
compared to freshwater Lake sediments. The dynamic cycling of both 
trace metals in Airplane Lake was coupled to higher production rates 
and higher sedimentary flux. Manganese and iron turned over every 20 
and 40 days, respectively in Airplane Lake. In Lake des Allemands, 
however manganese and iron turnover times were 100 and 1700 days, 
respectively.
Kinetic transport models were used to assess the anoxic
precipitation constants* Precipitation constants were found to be 15
2+ 2+ time8 higher for Fe than for Mn in the lower basin, but
about 80 times higher in the upper basin*
Pore water equilibria of iron and manganese phosphates,
2+carbonates, and sulfides indicated that interstitial .Fe 
concentrations were likely to be controlled by the sulfide 
equilibria* Pyrite content averaged 0*38, 0.81, and 1.12% in Lake des 
Allemands, Little Lake, and Airplane Lake, respectively. Siderite was 
undersaturated in all three environments and is unlikely to be found 
in Barataria Basin. Manganese is thought to be controlled by the 
carbonate phase, rhodochrosite in the saline end member and possibly 
by sulfide equilibria in middle and upper basin sediments. Because of 
the large uncertainty in the accepted solubility products of iron and 
manganese phosphates, it cannot be said with any certainty if trace 
metal phosphates were forming or not.
INTRODUCTION
Early diagenesis in coastal and freshwater sediments is fueled by
sedimentary organic matter. As organic carbon is metabolized it
donates electrons to several oxidized components of interstitial
waters. This results in a relatively enriched medium into which most
of the chemically labile and biologically important elements are
mobilized. Sedimentary metals such as Fe and Mn are also solubilized
during diagenesis, making a transfer to the water column possible. As
2+ 2+a result, remobilized Mn and Fe continously reprecipitate 
on suspended particles in the oxidized water column and are 
redistributed within the depositional basin (Evans et al., 1977; 
Turekian, 1977; Grill, 1978; Murray and Gill, 1978, Yeats et al., 
1979; Aller, 1980; Sundby et al. 1981).
Interstitial pore water chemistry provides insight into the early 
diagenetic processes occuring near the sediraent-vater interface 
(Aller, 1980; Berner, 1980; Aller and Benninger, 1981; McCaffrey et 
al., 1980; Elderfield et al. 1981). In environments of rapid sediment 
accumulation, interstitial metabolite concentrations often exceed 
solubilities of certain inorganic equilibria resulting in the 
formation of authigenic minerals and control of interstitial pore 
water profiles (Berner, 1972; Sholkovitz, 1973; Suess, 1976, 1979; 
Murray et al., 1978; Emerson, 1976; Emerson and Widmer 1978).
Nevertheless, relatively little is known about the bibgeocheroical 
rates of exchange of iron and manganese between sediment-water 
interface and mass balance budgets. Only recently, Aller (1980) has 
demonstrated the dynamic nature of iron and manganese diagenesis, and
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after modeling production rates, reported that iron and manganese 
could turn over every 100-200 days and every 60-100 days 
respectively, in the enriched surface layer. Using diagenetic 
modeling and mass balance calculations for a summer data set of the 
Laurentian Trough, Sundby and Silverberg (1985) were'able to study Mn 
cycling across the sediment'vater interface as well as within the 
sediment itself.
Temporal and spatial concentration gradient analysis, in 
conjunction with the identification of specific rates and mechanisms 
of precipitation, dissolution and transport of Fe and Mn would allow 
us to assess the pattern of metal distribution in Barataria basin 
estuary.
The objective of this study was to calculate an iron and manganese 
mass balance, by determining the temporal variability of iron and 
manganese in interstitial pore waters, and to assess specific rates 
of mobilization, precipitation and transport between the different 
compartments. Calculation of ion activity products provided some 
evidence about controlling solid phases in interstitial pore waters.
MATERIALS AND METHODS
The sampling strategy followed in this study consisted of a 
monthly sampling of sediment in Lake des Allemands, Little Lake and 
Airplane Lake, from March '84 until August *85 (Chapter 1).
Temperature and precipitation data were collected from the nearest 
weather stations (Chapter 1).
1. Sampling
Sediment cores were collected with a one meter length, 10.2 cm
I.D. coreliner from the side of the boat. Care was taken daring 
coring not to lose the easily resuspendible material at the sediment 
surface. The cores (40-50 cm sediment + 10~20cm water) were sealed 
with rubber stoppers and transported in a vertical position.
Replicate shallow cores (10-15 cm) of the top sediment layer were 
taken by divers in order to minimize the disturbance of the surface 
layer.
Three to four hours generally elapsed between sample collection 
and arrival at the lab. The shallow sediment cores were used for 
precise redox characterization followed by 5 mm sectioning of the 
subsurface layer. Redox potential was measured with a special 
motor-driven assembly (Patrick and DeLaune, 1972) which advanced two 
bright platinum electrodes at a ratê  of 2mm per hour through the 
sediment column. Redox measurements were taken in respect to a 
saturated calomel reference electrode.
2. Pore water analysis
Long sediment cores were sectioned immediately in 2cm intervals 
upon return to the laboratory after carefully discarding the 
overlying water. Approximately 50% of each section was rapidly (less 
than 10 sec) transferred into an argon purged, acid-rinsed 250 ml 
centrifuge bottle. Each centrifuge bottle was purged for a period of 
15 minutes. Pore water was extruded anaerobically by centrifuging for 
20 minutes at 6,000 rpm (Sorvall^ GSA—400 rotor). The supernatant 
is drawn off under an argon atmosphere and filtered through a 0.45 urn 
raillipore filter. This was achieved by using an argon pressure-vacuum
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system (Gambrell et al*, 1977)* Interstitial pH, sulfides, 
electro-conductivity and alkalinity were measured Immediately* 
Interstitial sulfide activity was determined with an Orion Ag/S 
specific electrode In a 5 ml sample adjusted to a total volume of 
10.0 ml with anti-oxidant buffer at pH 13.8. Titration alkalinity was 
determined through a potentiometrlc titration of 5 ml sample to pH 
4.5 (EPA, 1983) and expressed as mg/1 CaCO^. The rest of the 
sample was acidified with 6 N HNO^ to pH 3 and refrigerated until 
chemical analysis. Major cations, trace metals and phosphorus were 
determined with an inductively coupled argon plasm spectrometer 
(ICP). Cl and S0^ were determined with Dionex ion 
chromatograph.
3. Solid phase analysis
The nitric perchloric acid digestion of sediment provided a 
procedure by which the total metal concentration was determined 
(DeLaune et al.1985). Sediment was oven dried (105 ^C), ground (
< 1mm) and thoroughly mixed prior to analysis. Replicates of .5 g 
were run at each occasion. The samples were digested with 5 ml 
concentrated HNO^ until near dryness. After cooling of the 
digestion tube 3 ml of 70 % perchoric acid was added and digested 
until the solution was clear.
Organic content was estimated by weight loss following sediment 
ignition at 435 + 5 C (Lord, 1980).
Pyrite content was determined as described by Begheijn et 
al.(1978). Freeze-dried samples were finely ground and 100 mg was 
used for the analysis. The soil was placed into a 35 ml teflon 
crucible and 3.0 ml HF and 1.0 ml HgSO^ was added. After
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stirring £or one minute, the sample was tranferred into a quartz 
beaker with 10 ml of saturated boric acid solution and 1.0 ml HC1 and 
boiled for 2 minutes. The sample was centrifuged and washed to 
separate the pyritic residue from the supernatant solution. This 
solution was used for the non~pyritic ferrous iron and total iron 
determination. The pyritic residue was then washed into a 50 ml 
porcelain dish with 10 ml HNO^. The mixture was evaporated to 
dryness on a steam bath and extracted with 5 ml of AN HC1. After 
centrifuging and washing, iron was analysed in the supernatant 
liquid.
Sedimentation rate estimates were calculated from the depth of the
137195A horizon, the first year in which Cs was artificially 
introduced into the environment (Pennington, 1973). The 1963 marker 
horizon was not used because the profile peaks were not sufficiently 
distinct to indicate clearly the depth at which 1963 deposition 
occurred. Through a careful bulk density and solid phase 
determination of the top millimeters of the sediment, an integrated 
estimate of the net sedimentation flux was assessed, assuming a 
steady state solid phase distribution. The same procedure can also be 
applied in the steady state burial zone of the sediment to determine 
the iron and manganese burial flux.
RESULTS and DISCUSSION 
!• Temporal Variation ~ Steady State Conditions
Interstitial pore water salinity showed a distinct seasonal
pattern at each location (Figure 1), with low salinity levels during
the summer and high salinity during the winter months* Basic seasonal
patterns would predict the production of ammonium, phosphate,
bicarbonate, and sulfide , and the consumption of sulfate in the
interstitial sediment pore waters during the initial.warming of
overlying waters (Aller, 1977). However, nutrient consumption, as
coupled to a possible lower nutrient input, seemed to dominate the
production processes (Chapter 7).
Ferrous iron and manganous manganese also exhibited a seasonal
pattern (Figures 2, 3, and A). Highest concentrations were noticed in
the summer or early fall, while winter concentrations seemed to
reflect minimum values of interstitial Fe and Mn. Shifts in the depth
profiles were also noticed in Little Lake and Lake des Allemands..
Airplane Lake or the saline endmember, showed essentially no seasonal
variation at depths greater than 6 cm, reaching a steady state
equilibrium values. The top 6 cm, however, indicated strong seasonal
fluctuations with a 3 to A fold increase in interstitial Fe and Mn
during the summer months. An increase in biological activity resulted
in the reduction of iron and manganese oxides near the sediraent-water
2+interface, creating a build-up of high subsurface Mn and 
2+Fe concentrations.
These temporal variations mainly reflect the temperature
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Figure 1 : Seasonal variations in interstitial pore water salinities
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Figure 2 : Seasonal variations in interstitial iron and manganese in Airplane lake sediments*
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Figure 3 : Seasonal variations in interstitial iron and manganese in Lake des Allemands sediments.
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Figure 4 : Seasonal variations in interstitial iron and manganese in Little lake sediments
dependance of the particular dissolution reactions involved, and 
changes in the composition of organic source material throughout the 
year (Martens and Rlump, 1980; Elderfield et al., 1981; Hines et al., 
1984). Seasonal variations in the rates of bioturbation as reported 
by Aller (1977) and the seasonal shifts in the depth .of the oxidized 
layer is thought to contribute to changes in pore water solutes 
during the year. Silverberg et al. (1985) showed significant seasonal 
variations in the sedimentation rate, flux of organic matter and in 
the quality of organic matter reaching the sediment surface.
Simplification of non-linear diagenetic equations by assuming 
steady-state conditions is useful in that estimates of rates of 
dissolution, precipitation, diffusion, sedimentation and bioturbation 
can be obtained. Temporal variations of interstitial pore water 
components result in a variable time scale over which steady state 
assumptions may be validly applied. The time scale deduced from 
monthly measurements was extended to an annual mean over which-steady 
state conditions were assumed. It was clear from these observations, 
that a single date dataset would lead to erroneous interpretations of 
diagenetic rate constants.
2. Benthic Fluxes of Iron and Manganese
2+ 2+The release of remobilized Mn and Fe from these anoxic 
sediments was controlled by processes occuring within the sediment 
and at the sediraent-water interface. The benthic fluxes or transport 
to the overlying water is largely controlled by molecular diffusion, 
biological and physical turbation (Sayles, 1979; Aller, 1980;
McCaffrey et al., 1980; Elderfield et al., 1981).
The usual approach to calculating fluxes of dissolved species at
the sediraent-water interface is to treat all mixing processes in
terms of a diffusion coefficient (Sayles, 1979; Aller, 1980; Berner,
1980). The advective burial of pore water is added to Fick's general
flux equation. Ignoring the effects of porosity gradients on
biodiffusion and wave and current stirring, the appropriate
expression is (Berner, 1980) :
(eq 1) J* - - ♦ x DT(dC/dz)2-0 + t x v x C |z-0,
where J represents the total (diffusive plus advective flux),
$ is the porosity of the sediment layer at z-0, D̂ , equals the sum'
of the whole sediment diffusion coefficient (D ), the particle8
mixing coefficient (D^), and wave and current mixing coefficient 
(D ); and v n represents the pore water advection rate atW C  ZM U
z-0. Assuming steady state compaction and if the sedimentation rate 
is expressed in terms of mass flux S, Berner(1980) reported the 
following relationship:
(eq 2) J* - - 6 x DT(dC/dz)z-Q + S/pfl x (♦x/(1"*x)) x CQ* 
where p represents the average density. Sayles (1979) 
reported that the second part of equation (2) can be ignored in 
sedimentary environments.
Diffusion coefficients were estimated by correcting infinite 
dilution values of Li and Gregory (1974) to in situ field 
temperatures, and correcting for sediment structure according to 
Ullraan and Aller (1982) (chapter 3).
Diffusive flux calculations showed site specific variation, with 






















Figure 5 : Monthly advective and diffusive iron fluxes in Barataria 
Basin sediments.
116




a ,n si. 01
"XCTTMl






Figure 6 s Monthly advective and diffusive manganese fluxes in Barataria 
Basin sediments*
sampling sites lowest fluxes were predicted in the winter months, and 
highest in the summer months.
The advective transport of dissolved solutes due to the transport
of water and sediments by wave and current mixing was assessed
utilizing a two~layer silica-model as described by Vanderborght et
al. (1977) (Chapter 3). A physical mixing coefficient (analogous to a
biodiffusion coefficient) was calculated from diagenetic modeling for
each monthly data set of dissolved silica. Mixing coefficients
obtained through an iterative least square fit showed no distinct
pattern. However, high mixing coefficients in January and February
were associated with low water levels, resulting from dominant
north-westerly winds. The months of July and August were
characterized by low mixing coefficients in Airplane Lake, possibly
resulting from high water levels. This was mainly due to high summer
precipitation and onshore water transport from winds of the southern
quadrant. September was characterized by high advective and high
diffusive fluxes resulting from high concentration gradients across
the sediment'water interface. Nevertheless, seasonal patterns of
total benthic fluxes were masked by physical or biological mixing of
2+ 2+the subsurface layer. The advective flux of Fe and Mn 
contributed to at least 50% of the total flux, indicating its 
importance in shallow water systems.
There have been very few studies determining the agreement between 
diffusive flux calculations and measurements of the actual fluxes in 
situ (McCaffrey et al., 1980; Aller and Benninger, 1981; Elderfield 
et al., 1981). McCaffrey et al. (1980) reported that the sura of 
advective and diffusive fluxes agreed with measured fluxes to within
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a factor of 2 or better, whereas Aller and Bennlnger (1981) measured 
2+Mn fluxes to within a factor of 2~6 with those predicted from 
diffusive pore water calculations.
Changes in relative rates of consuraption-'production reactions, 
relative importance of the oxygenated subsurface layer and 
meteorological conditions throughout the year make the use of an 
annual average a necessity. Nevertheless, it should be noted that the 
calculated flux estimates were approximate and either overestimate or 
underestimate the flux.
3. Particle mixing and solid phase distribution.
Particle mixing rates were estimated from the distribution of
137Cs, a fallout radionuclide. This approach represented an 
idealization of the mixing process, but was satisfying in that values 
of may be used directly in diagenetic modeling (Aller, 1980; 
Berner, 1980). The general equation including the effects of particle 
mixing, sediment accumulation and radioactive decay can be written as 
(Cochran,1985):
(eq 3) d(pA)/dt « d(pD^dA/dt)/dz ~ d(pSA)/dz ~ >lpA 
where t- time in years; A- activity of radionuclide (dpm/mass of 
sediment); particle mixing coefficient (cm yr ); z« 
depth in the sediment column (cm); S- accumulation rate (cm
" " ' I  vyr ); A- decay constant for the radionuclide (yr ); p» dry 
bulk density (g dry sediment/ cm wet sediment). Cochran (1985) 
solved this equation for an instantaneous deposition of tracer x 
years ago and for a continous deposition at a constant rate over the
considered time period* The observation of distinct 1963 maxima in 
the rapidly accreting Louisiana marshes (DeLaune et al., 1978) 
indicated the validity of the pulse model. Radioactive decay was 
neglected in this model because the tracer would decay by the same 
amount at all depths in the sediment column (Cochran* 1985). If 
sediment accumulation was taken to be negligible over the period of 
input, and and p are constant in the mixed zone, equation (1) 
reduced to:
(eq 4) dA/dt - d2A/dz2 
Cochran (1985) reported the following solution from Crank (1975) 
A/Aq - exp(-z/4Dj)t), with Aq« activity of tracer at
C
the sediment water interface (“M/(p t)* and M- total
quantity of tracer deposited). This model resulted in a rather good
fit for the data set in Airplane Lake with between 2 and 5 
2 —1cm yr (Figure 7). In the northern part of the basin, Lake
des Allemands a particle mixing coefficient was estimated between .5 
2 —1and 2 cm yr (Figure 7). In Little Lake, however the pulse 
model did not result in a significant fit, due to the presence of a 
distinct maximum.
Estimation of particle mixing coefficients allowed us to predict a 
dissolution rate for both trace metals.
The production rate of dissolved trace metal was obtained by 
applying a one-dimensional transport-reaction model (Berner, 1980) to 
the distribution of solid phase iron and manganese.
Assuming a steady state solid phase distribution and constant 
vertical dispersion coefficients in the layer of physical disturbance 
a relative net reaction rate could be calculated by substracting an
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(with C/Co ** Activity / Activity in toplayer).
assumed background concentration value from the concentration in the 
modeled zone (Aller, 1980). This means that only a profile of 
"excess" trace metal was utilized to estimate reaction.
The net reaction rate, therefore represented an average 
dissolution rate of excess manganese and iron in the modeled zone. 
Relative iron and manganese loss rates for the upper layer were 
determined by substracting the metal content of the steady state 
burial zone from each of the overlying sample intervals. These 
"excess" concentrations were plotted (Figure 8) and fitted by the 
best linear or exponential functions using the GLM-procedure (SAS, 
1982) (Table 1).
Aller (1980) reported the following:
(eq 5) d*C /dt - D. (d2AC/dz2) - w(d*C /dz) + R ,8 D 8
where ACs* excess trace metal concentration, zm depth in the 
sediment column, particle mixing coefficient, ,w« 
sedimentation rate, and R" depth dependent dissolution rate. At
steady state and if and w were constant then;
(eq 6) R » - D^d^C/dz^) + w(d'‘C/dz)
The areal production rate or flux of dissolved iron and manganese 
was calculated, through substitution of the "excess" concentration 
function and areal integration of the modeled zone dz (Table 2).
4. Diagenetic Models.
2+ 2+Interstitial pore water profiles of Mn and Fe were
modeled through the use of kinetic one-xiiraensional transport-reaction
models, in order to estimate precipitation rates of both species.
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Figure 8 : Excess trace metal functions in Airplane lake and lake 
des Allemands sediments.
Table 1 : Excess function fit through the general linear model procedure. 
Location Iron Manganese
Airplane Lake Fe = 3158.9 exp(~1.635 Z) Mn = 171.14 exp(-'2.0407 J
2 * r = .93 2 ** r = .93
Little Lake Fe = 1692.9 exp(~.9489 Z) Mn ™ 64.36 exp(—1.8736 Z)
2 ** r = .99 2 * r =* .98
Lake des Allemands Fe - 1066.8 - 312.1 x Z Mn = 102.5 exp(~1.5939 Z)
? ** r = .92 2 * r - .80
a



















Airplane Mn .161 .388 .01 3.75 1.0 7.0 1.5 4.0
Lake
Fe 1.937 .432 1.0 60.0 1.0 3.0 7.9 8.9
Lake Des Mn .018 .337 .01 .46 .25 7.0 .10 25.5
Allemands
Fe 1.569 .380 .40 40.0 1.6 10.0 .59 125.9
with R = trace metal production rate.
= mass transfer coefficient. 
k2 8 oxic precipitation constant.
= anoxic precipitation constant.
Lj = aerobic subsurface layer.
I<2 8 layer of steady state concentration.
C = trace metal concentration at sediment-water interface. 
Cgg ■ trace metal concentration in steady state layer.
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Aller (1980) reported that the use of one^ditnensional models allowed
estimates of reaction rates to within a factor of about 1.5 of those
predicted by the more complex two-dimensional irrigation models. As
such, one-dimensional models were very useful in the evaluation and
2+ 2+comparison of reaction rates of Fe and Hn in annual mean
solute concentration profiles, from sediments within the same
estuarine basin. The resolution of one-dimensional models fell within
the variability range of annual mean profiles and therefore can be
2+used as independent checks on the form and magnitude of Fe and 
2+Mn production rates estimated from solid phase distributions.
Two different models were used to describe the pore water profile 
2+ 2+distribution of Mn and Fe • The use of one or the other is
a function of a possible differentiation of the upper boundary
conditions, as both metals produced by the dissolution of a solid
phase oxide were subject to diffusive loss and reprecipitation as an
oxide, within that same layer. Aller (1980) assumed that little or no 
2+Mn reprecipitation occurred in the subsurface layer, whereas 
2+Fe would be controlled by a significant reprecipitation as an
oxide. Depending on the boundary conditions and governing reactions
the general diagenetic reaction:
(eq 7) DC/Dt «* D x d2C/dz2 + R ,
can be described as (Aller, 1980)
(eq 8) dC/dt-0» D d2C/dz2 + R e~az - k (C-C )o eq
or as, (eq 9)
zone 1, 0 » D d2C/dz2 — k2 C
zone 2, 0 *» D d2C/dz2 + R - k, (C-C )o j eq
zone 3, 0 ■ D d2C/dz2 - k, (C-C )* 3 eq
and represent the kinetic transport models used for manganese and 
iron, respectively as described and solved by Aller (1980).
The three~layer kinetic transport model was successfully applied 
to the vertical trace metal distribution in Airplane Lake (Figure 9). 
The upper zone, which was controlled by diffusive loss and oxide 
precipitation was characterized by a first order rate coefficients of 
1 day * and .01 day * for Fe^+ and Mn^+ ,
respectively. The shape of the model profile was relatively 
insensitive to this constant. The model profile however, did respond
to the choice of anoxic precipitation rate constants. These constants
2+ 2+ were about 15 times higher for Fe than for Mn
precipitation (Table 2), and were comparable with the rate constants
reported by Aller (1980). The anoxic precipitation constants for
2+ 2 3Mn , however, were about 10 to 10 higher than those
reported by Robbins and Callender (1975) and Elderfield (1976).
In Lake des Allemands, the freshwater environment the three~layer
2+model resulted in a good fit for the vertical profile of Mn •
The model was characterized by an oxic precipitation constant of .01
day * and an anoxic rate constant of .46 day"* (Table 2). The
lower value in Lake des Allemands was found to be consistent
with a lower production rate, in respect with Airplane Lake. The
2+vertical profile of Fe indicated little or no precipitation in 
the production zone, which resulted in fairly constant and high 
steady state or equilibrium concentrations (Figure 9). The upper 
layer of the model was sensitive to any change in k2» whereas the 
lower steady state layer was rather insensitive to any changes in the 
anoxic rate constant, kg.
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2+ 2+Figure 9 : Three layer diagenetic models of Fe and Mn
Through the use of equation (8), the manganese profiles were fit
to a one-dimensional kinetic transport model, as classically
described by Aller (1980) to be appropriate for manganese diagenesis.
If applied in Airplane Lake, an anoxic precipitation rate constant
—1was calculated of .04 day (Figure 10). This was about two
orders of magnitude lower than the one generated in a three-layer
model. This discrepancy might be due to the fact that the production
rate in the three-layer model was considered to be constant between 1
cm and 7 cm depth, whereas in the manganese model (equation 8) the
production rate decreased exponentially between 0 cm and 20 cm depth.
2+The low production rate of Mn in Lake des Allemands resulted in
an underestimation of the vertical profile. The production rate was
about one order of magnitude smaller with respect to Airplane Lake,
and as such was thought to reflect a minimum value. No significant
24-fit of the manganese model could be generated for the Mn
profile in Lake des Allemands, indicating the drawback of this model,
at low production rates.
5. Mass Balance of Fe and Mn.
Each ecosystem was divided into four resevoirs in order to 
calculate the various fluxes of iron and manganese (Figure 11), and 
this represents an adaptation of a manganese mass balance reported by 
Sundby et al. (1985). The upper reservoir represents the whole water 
column, which is the primary source of new and particulate material, 
originating mainly from the adjacent marshes. This downward flux is 
supplemented by the addition of particulate material derived from
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Figure 11 : Conceptual diagram of a trace metal mass balance.
remobilized iron and manganese which has diffused out of the
sediment* The deepest reservoir is the site of burial of both trace
metals, which filters through the two intermediate zones of
precipitation and dissolution* These intermediate layers correspond
to layers of production and destruction of particulate material. In
order to maintain mass balance at steady state, the difference
between the flux out of a reservoir must correspond to the
dissolution or precipitation rate in that reservoir*
Estimates of the various fluxes and reaction rates can be assessed
if the sedimentation rate, vertical distribution of particulate and
dissolved trace metals, the particulate mixing coefficient of the
sediment, and apparent sediment diffusion coefficient for ferrous
iron and manganous manganese are known. Due to the presence of a
137distinct 1963 maximum in the Cs profile, the pulse model as 
described by Cochran (1985) could not be used to infer a particle 
mixing rate in Little Lake. This implied that the mass balance of 
Little Lake could not be calculated. The parameters used in the flux 
calculations of Airplane Lake and Lake des Allemands are given in 
Table 3.
Sedimentation rate estimates calculated from the depth of the 1953
137 *"*1Cs horizon, ranged from .65 cm yr~ in Lake des Allemands,
.75 cm yr * in Little Lake, up to 1.05 cm yr"1 in Airplane
Lake (Figure 12). The particle mixing coefficient also Increased
fourfold from Lake des Allemands to Airplane Lake.
The dissolution rate of particulate iron and manganese was
calculated through substltion of the "excess" concentration function
in equation 6, resulting in an areal production function P,
(to) HUH
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P - f R dx.
If the "excess" function represented an exponential model, the 
production function P could be obtained by:
P - -(Dfe a + w) *C0 [exp(-ax1)-exp(~ax2)], 
and by
P « - k D ,  + w ( * C .  ~ ~Cb xl x2'*
if the "excess" function was fit through a linear fit* Results
2+ 2+indicated that the production rates of Fe and Mn were
high in Airplane Lake and low in Lake des Allemands (Table 3). The
fourfold increase in particle mixing coefficient from Lake des
Allemands to Airplane Lake and higher sedimentation rates in the
2+ 2+latter induced a seven*' and tenfold Increase in Mn and Fe
production rates, respectively* It is-clear therefore that the
internal sediment cycle was controlled by the production rate of
dissolved trace metal* The^rates of iron and manganese recycling, as
bound to estimates of were as such subject to a great deal of
uncertainty due to subjective interpretation of fitting an
137exponential fuction to the Cs activity profile. Nevertheless,
realizing the possible drawbacks of this method, it allowed us to
calculate fluxes and compare both environments* The mass balance of
both environments indicated that the freshwater environment acted as
an effective sink for the sedimentation flux of particulate iron and
manganese (Figures 13, and 14)* The flux of particulate trace metal
down into the dissolution zone of the sediment, which equals the
burial rate of residual trace metal plus the production rate of
dissolved iron and manganese in this zone was only slightly higher
2+than the sedimentation flux* The low diffusive fluxes of Mn and
Table 3 : Values of parameters used In mass balance
Airplane Lake Lake des Allemands
Sedimentation Rate (cm/yr) 1*05 *65
Particle Mixing Coefficient 4.0 1.0
(cm2/yr)
Turnover Rate (day) of Mn 19 .101
Turnover Rate (day) of Fe 40 1750
Mass Balance in Airplane Lake Sediments
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Figure 13 : Iron and manganese mass balance in Airplane lake. 
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Figure 14 : Iron and manganese mass balance in Lake des Allemands.
,  2 - K(g m yr )
2+Fe , leaving the sediment surface indicated a low remobilization 
rate of both trace metals. In Airplane Lake, remobilization occurred 
about a factor of eight faster. The dynamic cycling of both metals in 
Airplane Lake was coupled to higher production rates and higher 
sedimentary flux of material.
Through the use of areal production rate of dissolved iron and 
manganese and standing stock of excess particulate trace metal, the 
turnover rate T of particulate trace metal was calculated from:
T-Cj" *C dz) / P,
where P is the production rate, and the numerator represents the 
total amount of excess iron or manganese. The estimated turnover 
times of Mn (20 days in Airplane Lake, and 102 days in Lake des 
Allemands) were in general agreement with those reported by Aller 
(1980) in Long Island Sound sediments (60-100), and by Sundby and 
Silverberg (1985) for the Laurentian Trough (43-207). Iron turnover 
rates were found to be higher in both environments (40 days in ' 
Airplane Lake, and 5.5 years in Lake des Allemands), indicating a 
less dynamic Fe-cycle.
6. Phase transformations and Saturation States.
After ferrous iron and manganous manganese were produced in the
2+ 2+subsurface sediment layer, both Fe and Mn could 
reprecipitate as oxides upon exposure to oxygen, or under anaerobic 
conditions reprecipitate with anions produced during anaerobic 
metabolism. Under anoxic conditions sulfate is the predominant 
oxidizing agent and organic decomposition can be presented by the
following simplified reaction (modified from Richards, 1965):
2 t(CH2)c (NH3>n (tt3P04)p) + c (S042-)
  2c (HC03") + 2n (NH4+ ) + 2p (HPO^2") + c (Hs")
where c, n, and p represent the C:N:P ratio of decomposing organic 
material. The release of inorganic anionic species of carbonate, 
phosphate and sulfide into the sediment pore waters make the 
precipitation of reduced metal carbonate, phosphate and sulfide 
phases a likely event.
Ion activity products (IAP) were calculated, and compared with 
tabulated solubility products of iron or manganese carbonates, 
phosphates, and/or sulfides (Table 4). Demonstrating saturation or 
supersaturation for minerals with slow precipitation kinetics does 
not prove that the mineral is present in the sediment. Some of the 
possible minerals, such as siderite (FeCO^), rhodochrosite 
(MnCO^), and pyrite (FeS2) can exhibit slow precipitation 
kinetics, and pore water solutions strongly supersaturated for these 
minerals have been reported (Lord, 1980; Postma, 1981; Giblin and 
Howarth, 1984). However when calculated IAP values fall well below 
saturation, it can be taken as strong evidence that mineral 
precipitation cannot occur.
Possible mineral saturation was analyzed by calculating IAP 
through the use of a revised version of the equilibrium computer 
model GEOCHEM (Sposito and Mattigod, 1979). The carbonate, phosphate 
and sulfide solubility calculations are based on the following 
relations:
[C032~] = titration alkalinity / (1 + [H+ ]/Kl+ [H*]2/ ! ^ )  
aS2" - measured S2" / (1 + [H+ ]/K3 + [H+ ]2/K3K4)
Table 4 : Solubility products at 25 C and 1 atm.
Reaction -log(Ksp
FeS (amorphous) 2+ 2~ Fe + S 16.9
FeS (mackinawite) 2+ 2- Fe + S 17.5
FejŜ , (greigite) 2+ 2- 3Fe + 3S + S 18.2
FeS2 (pyrite) 2+ 2~Fe + S + S 27.6
FeCOj- (siderite) 2+ 2- Fe + C03 10.2
Feg(P0^)2 (vivianite) 2+ 3- 3FeZ + 2 P0.J4 36.0
MnS (alabandite) 2+ 2- Mn + S 17.8
MnS2 (hauerite) 2+ 2- Mn + S + S 20.6
MnCOj (rhodochrosite) 2+ 2~ Mn + C03 10.4












tP043"] » measured P / (1 + [H+ ]/K5 + [H+ ]2/K5K6 + [H+ ]3/K5K6K7)
with Kj-Kf9*1 (Murray et al. 1978)
k ^ k T 6’4 (Garrels and Christ 1965)
K3«l(f13-46 (Nissenbaum et al. 1972)
k ^ h T 6,85 (NiBsenbaum et al* 1972)
K5-i<r9*° (Atlas et al* 1976)
k6-io"6,11 (Atlas et al. 1976)
K7-lCf1,71 (Atlas et al. 1976)
and [ ] represent total concentrations as entered in the 
computer equilibrium model* Computations involved 166 possible 
ligands and 39 possible solids, and generated free ionic 
concentrations* Corrections were made for ionic strength using the 
extended Debye-Huckel expression. Ion activity products were 
calculated by:
IAP " aMe X aL
- fMe (Me> * fL (1) 
where 'a' represents the activity of the ionic species and 'f'
represents the activity coefficient used to correct free ionic
concentration data to activity*
Due to the lack of ammonium measurements, uncorrected titration
alkalinity estimates were used in IAP calculations, thereby slightly
overestimating carbonate activities (Berner 1971)* Nevertheless, iron
and manganese carbonates seemed slightly undersaturated in Lake des
Allemands and Little Lake (Figure 15). However, in Airplane Lake
rhodochrosite or mixed Mn, Ca, Mg carbonates were believed to be
forming and possibly could act as an important control on pore water 
2+Mn concentrations* At all sampling sites pore waters were
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Figure 15 : Carbonate ion activity products in Barataria 
Basin bottom sediments.
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distinctly undersaturated with respect to siderite. Calculations with 
GEOCHEM also indicated that rhodochrosite should precipitate out, if 
solids were allowed to precipitate or dissolve. In the other sites 
(Little Lake and Lake des Allemands) pore water samples were 
considerably undersaturated for siderite and rhodochrosite and no 
precipitation was predicted*
Phosphate equilibria were based on measurements of total dissolved 
phosphorus determined on the ICP spectrophotometer, thereby ignoring 
the organic fraction* This seemed a reasonable assumption as 
measurements corresponded well with phosphate determinations on the 
anion chromatograph (averaged 17% variation with N-54).' Therefore, 
phosphate ion activity products represented minimum values (-loglAP), 
and are more likely to exhibit supersaturation* Saturation or 
supersaturation was found in respect to vivianite, and could be 
forming at all three sites (Figure 16). Because of the large 
uncertainty in the accepted K value of reddingite (31*4, Postma 
1981; 34.0 Nriagu and Dell 1974) and the tendency for solid solutions 
with Fe (Tessenow 1974), it cannot be said with any certainty that 
manganese phosphates were forming or not* Ion activity products were 
lowest at Airplane Lake, indicating its possible formation*
Sulfide equilibria calculations were based on Ag/S electrode 
(Orion) measurements of interstitial pore water sulfide activities. 
Measured sulfide activities compared rather well with the half cell 
equation for the reaction as described by Berner (1967):
S aq ’ Srhmb + 2 e * 
and is governed by the theoretical equation
E. - -.475 + .0295 pS2"
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Figure 16 : Phosphate ion activity products in Barataria 
Basin bottom sediments*
as described in Table 5* Pore water equilibria indicated that iron
and manganese sulfides were slightly undersaturated in the top few
centimeters of the sediment and supersaturated at a depth greater
than 2.5-3.5 cm at all locations (Figure 17)* Sulfide ion activities
exhibited an increase with depth at all sampling sites, indicating
that sulfide equilibria are likely to control Fe and Mn
concentrations at depths greater than 5 cm. The uncertainty in
reported solubility products of MnS (Holdren, 1977) made it
impossible to differentiate MnS formation on ion activity products
alone. However, all pore waters are highly supersaturated in respect
to hauerite (MnSg) and pyrite (FeSg). Pyrite formation and
accumulation was apparent from pyrite determinations in all three
environments (Table 6). Annual integrated pyrite content in brackish
bottom sedimnets was significantly higher than in the saline
sediments, averaging 1.12% FeS2> In Lake des Allemands, pyrite
content averaged .38%, whereas in Airplane Lake, in the lower basin,
pyrite content only accounted for .81%. Sulfate profiles indicated
seasonal fluctuation in sulfate reduction rates and/or sulfate input,
with lowest values during the summer months (Figure 18). This
indicated that sulfide equilibria were very likely to control 
2+Fe concentrations in all three environments.
Table 5 : Measured and predicted (Berner, 1963) sulfide activities*
Airplane Lake Little Lake Lake des Allemands
Depth
(cm)
pe pSmeas. pScalc. pe pSmeas. pScalc. pe pSr meas. pScalc.
0.25 +4.322 N.D. 25.08 +6.271 N.D. 28.98 +6.441 N.D. 29.32
0.75 +0.085 N.D. 16.61 +2.542 N.D. 21.52 -0.085 N.D. 16.27
1.25 -0.932 N.D. 14.57 +1.101 N.D. 18.64 -0.847 N.D. 14.74
1.75 ”1.695 11.00 13.05 -0,085 N.D. 16.27 -1.356 11.98 13.73
2.50 ”3.220 10.09 10.00 -1.271 11.82 13.89 ”2.203 11.71 12.03
3.50 ”3.814 9.79 8.81 -2.627 11.41 11.18 -2.542 11.04 11.35
5.00 -3.898 9.59 8.64 -2.797 11.29 10.85 -2.593 10.54 11.25
7.00 -3.949 9.23 8.54 -2.932 11.34 10.58 -2.610 10.55 11.22
9.00 ”3.983 9.08 8.47 ”2.966 11.48 10.51 -2.627 10.33 11.18
15.0 -4.153 8.90 8.13 ”3.000 11.13 10.44 -2.797 10.17 10.85
21.0 -4.237 8.77 7.97 -3.051 10.87 10.34 -2.661 10.19 11.11
29.0 -4.237 8.83 7.97 ”3.156 10.46 10.17 N.A. N.A. N.A.
37.0 -4.271 8.71 7.89 N.A. N.A. N.A. N.A. N.A. N.A.
N.D.: non-detectable 
N.A.: non-available
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Figure 17 : Sulfide ion activity products in Barataria 
Basin bottom sediments*



















Airplane Lake • 81a 16. 9a 7.81a 1,143s • 81a 1.391
.09 .4 .05 44 .12 .20
Little Lake 1.16b 3.3b 7.18b 123.4b .47b 2.271
.11 .21 .06 18.4 .05 .17
Lake des Allemands •38° .27° 6.51c 10. 6C 8.44c 2.26'
.06 .02 .09 2.9 .37 .16
* : Integrated mean from the surface to 40 cm depth.
Means with the same letter are not significantly different 
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Figure 18 : Seasonal sulfate profiles in Barataria Basin sediments.
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CHAPTER FIVE
Characterization and Distribution of Trace and Heavy Metals in 
Barataria Basin Marsh Sediments and Macrophytic Vegetation
ABSTRACT
Vertical accretion and metal accumulation were determined from the 
137distribution of Cs in cores collected from freshwater, 
brackish and salt marshes. Vertical accretion rates were estimated as 
8.5, 9.5, and 10.5 mm yr * for freshwater, brackish and salt 
marsh sampling sites, respectively.
About 45% of the variability in the total metal distribution in
Barataria Basin marshes could be predicted by the A1 content of the
sediment (r-.83 ), reflecting a transient depositional metal
flux. Accumulation rates of Al, Fe, Zn, Cu, and Pb were 3.3 to 3.5
times higher in the salt marsh than in the freshwater marsh.
Manganese, however seemed to accumulate 28% slower, indicating the
-2 -1release of .26 g Mn m yr due to post-depositional 
mobility.
Partial sediment metal fractionation in soluble, exchangeable and 
reducible fractions indicated that the water soluble and exchangeable 
phases of Al, Fe, Cu, Zn, and Pb rarely accounts for more than 2% of 
the total metal content in marsh sediments. Water soluble plus 
exchangeable Mn, however, accounted for 3.3% in the salt marsh, and 
up to 7.4% of the total in the freshwater marsh. Iron and manganese 
oxides scavanged important quantities of Cu, Zn, and Pb, and the 
acid-reducible fraction was significantly correlated with the amount 




Trace metal uptake by plants resulted in a remobilization of .39 g
Fe m yr and .21 g Mn m yr in the freshwater
-2 -1 -2 -1 marsh, up to .67 g Fe m yr and .17 g Mn ra yr
in the salt marsh. Marsh litter metal content was enriched by a
factor of 3 to 20 as compared to the metal content of above ground
vegetation, indicating its possible role in metal mobilization and
transport.
INTRODUCTION
Marsh sediments as well as bay bottom sediments are known to act
as sinks and/or reservoirs for nutrients and metals. Marsh sediments
capture significant amounts of inorganic minerals through over-tank 
flooding. The flux of sediments and associated nutrients to the marsh 
surface from estuarine waters is an important determinant of 
fertility and macrophyte production (DeLaune et al., 1979). Hatton et 
al. (1982) reported that mineral sediment deposited is the principal 
source of iron, manganese and phosphorus in Barataria Basin marshes. 
Diagenetic transformations upon deposition of the sediment will 
affect the availability of nutrients and metals to the plant roots.
The remobilization into aboveground macrophyte tissue acts as a 
temporary storage and as a possible export vehicle of trace and heavy 
metals. At the end of the growing season the litter assumed a 
dominant role in the retention of metals (Simpson et al., 1983; 
Pellenbarg, 1984). The role of the soil in the short- and long-term 
storage of heavy metals incorporated by the vegetation and litter is
157
-still unknown. Simpson et al. (1983) reported that substantial 
quantities of insoluble metals do accumulate in the substrate, while 
more soluble metals like Ni and Cu are transported from the 
freshmarsh to the estuary. Marsh soils in Barataria Basin were also 
reported to accumulate significant amounts of Fe, Mnand P (Hatton et 
al., 1982).
The objective of this study was to investigate the spatial 
distribution of different trace and heavy metals along a salinity 
transect, and to assess the importance of vertical marsh accretion 
and macrophyte production in the removal or storage of Al, Fe, Mn,
Zn, Cu, and Pb.
MATERIALS and METHODS
1. Sampling
Soil cores and vegetation samples examined in this study were 
obtained from freshwater, brackish and saltwater levee marshes 
located in Barataria Basin.
till ndMarshes were sampled on the 26 of May and the 2 of
July. Vegetation was sampled on 6 dates over the growing season (8
March, 26 May, 2 July, 13 August, 11 September, and 23 October). In
addition, litter lying on the marsh surface at the end of the growing
Tdseason was sampled the 23 of October.
A 2 ra transect parallel to the edge of the marsh was sampled 
resulting in 50-100 plants. Samples were returned to the laboratory 
in plastic bags, washed free of dirt and debris, seperated by 
species, and placed in paper bags. Vegetation and litter were dried
in a forced-air dryer at 75 °C, and cut into small pieces with 
stainless steel scissors* Samples were stored dry until analysis*
Marsh cores were taken with 10.2 cm inside diameter, thin walled 
(2mm) corellners with a sharpened cutting edge. The cores were 
carefully twisted into the substrate to a depth of 45-50 cm, capped 
with rubber stoppers and raised to the surface. The bottom part of 
the cores was sealed with specially designed rubber caps. Compaction 
of the sediment was less than 27, during coring.
2. Analyses
Three to four hours generally elapsed between sample collection 
and arrival at the lab. Marsh cores were sectioned immediately into 2 
cm lengths. Each section was rapidly (less than 10 sec) transferred 
into an argon purged, acid-rinsed 250 ml centrifuge bottle. Each 
centrifuge bottle was purged for 15 minutes. Porewater was extruded 
anaerobically by centrifuging for 20 minutes at 6,000 rpm
j*(Sorvall GSA-400 rotor). The supernatant was drawn off under an 
argon atmosphere and filtered through an 0.45 urn millipore filter, 
using an argon pressure-vacuum system (Gambrell et al. 1977; DeLaune 
et al. 1985). Pore water samples were analyzed for metals (Fe, Mn, 
Pb, Al, Zn, and Cu) on the inductively coupled argon plasm 
spectrometer (ICP).
Residual sediment was used for the fractionation of exchangeable, 
reducible and total metal concentrations.
Exchangeable cations were determined on a known weight (5-6 g) of 
wet sediment and 50 ml of oxygen free 2N sodium acetate, at the pH of 
the interstitial pore waters. The mixture was shaken for 12 hours and 
centrifuged for 20 minutes at 6,000 rpm (Sorvallr GSA-400 rotor).
The supernatant is drawn off under an argon atmosphere and filtered 
through an 0*45 um millipore filter* This was achieved by using an 
argon pressure-vacuum system (Gambrell et al., 1977)* Metals bound on 
the exchange sites were corrected for water soluble concentrations 
and expressed as ug/g dry sediment*
The reducible fraction was determined through a sequential 
leaching procedure as described by Chao (1972) and Chao and Zhou 
(1983)* The insoluble manganese oxides were reduced to the soluble 
manganous manganese with *1 M hydroxylaraine hydrochloric acid, pH 2 
(Chao, 1972). This method has been used to extract reactive manganese 
oxides from soil, sediment, d a y  mineral, and other materials. A 
known weight (.5-1.0 g) of wet sediment and 25 ml of .1 M 
NHgOH.HCL, pH 2 were transferred to a 50 ml centrifuge tube and 
shaken for 30 minutes at room temperature. The sample was centrifuged 
at 2500 rpm (Sorvallr SA-600 rotor) for 10 minutes and the 
supernatant was stored in a 20 ml acid-rinsed scintillation vial 
until analysis on the ICP. The insoluble amorphous iron oxides in the 
same sediment sample were reduced by .25 M hydroxylamine 
hydrochloride and .25 M hydrochlor.ic acid at 50° celcius (Chao 
and Zhou, 1983). This method can be used to selectively extract 
amorphous iron oxides from soil, sediment, clay mineral, and other 
materials. 25 ml of .25 M NH2OH.HCL-.25 M HCL were transferred 
to a 50 ml centrifuge tube containing the above sample and shaken in 
a hot water bath at 50° celcius for 30 minutes. The sample was 
centrifuged at 2500 rpm (Sorvallr SA-600 rotor) for 10 minutes 
and the supernatant was stored in an acid rinsed scintillation vial 
until analysis on the ICP. Reducible metals were expressed as ug/g
dry sediment.
The nitric perchloric acid digestion was used for plant and 
sediment digestion (DeLaune et al*, 1985)* The sediment was oven 
dried (105 °C), ground ( < 1mm) and thoroughly mixed prior to 
analysis*
Organic content was estimated by weight loss following sediment 
ignition at 435 + 5 °C (Lord, 1980). Grim (1968) has shown that 
structural water loss from clays occurs primarily between 450-700 
°C. The ignition loss measurements should therefore be kept below 
450 °C. Allen (1974) reported that a 375 °C ignition may be 
insufficient to completetely oxidize sedimentary organic matter.
Sedimentation rates were determined from the depth of the 1963
137Cs peak in the sediment profile (Pennington et al., 1973;
137DeLaune et al., 1978). Cs activity in the dried core sections 
was measured on a lithium drifted germanium detector.
RESULTS and DISCUSSION
1. Spatial metal distribution
The flux of sediments and associated nutrients to the marsh 
surface from estuarine waters is an important determinant of 
fertility and macrophyte production in the salt marsh (DeLaune et 
al., 1979). While no one metal is guaranteed to follow a given 
pathway during its passage through a marsh estuary, it was assumed 
that the metals are moving into the marsh ecosystem primarily by 
freshwater runoff and tidal exchanges. Tidal exchanges supply salt
marshes with a high mineral input, including nutrients and dissolved 
salts. Freshwater marshes, on the other hand, are highly organic 
because of the lack of mineral sediment input, and were characterized 
by low bulk densities (Table 1).
Vertical profiles of total Fe, Mn, and Al were similar, thus 
indicating the importance of the sedimentary influx of sediments 
through overbank flow (Figure 1). In order to group trace and heavy 
metals in this sedimentary environment, a principal component 
analysis was used to reduce the number of variables and problems due 
to multicollinearity. This method produced a set of principal 
components, which maintained most of the information about the 
variation in the original data. The principal components were 
calculated using SAS (1982) "Princomp" procedure. The unrotated 
factor pattern indicated that more than 61% of the variation of Mn, 
Cu, and Pb can be accounted for by the first component, while only 
32% of the variance of Fe was explained by the first principal 
component. The second principal component accounted for about 84% of 
the variance in Zn. This unique behavior was probably due to its 
redox and pH characteristics. Zn mobilizes at high redox intensities 
and low pH (Gambrell and Patrick, 1978; Gambrell et al., 1980). A 
varimax rotation of factor scores was performed using SAS (1982) 
"Factor" procedure in order to facilitate the interpretation of the 
principal components (Table 2). This resulted in a shift of the 
factor loading of 89% of the variation in Fe to the third principal 
component. This was thought to be related to the organic and sulfide 
bound fraction, because iron goes through a dynamic 
dissolution-precipitatlon cycle in marsh sediments (chapter 6). The
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Figure 1 : Vertical profiles of total aluminum, iron and manganese in 
Barataria Basin marshes.
O'u>
Table 2 : Factor and regression analysis of total metal distribution
in Barataria Basin marshes.
Factor Analysis
Factor Pattern
Factor 1 Factor 2 Factor 3
Total-Fe .564 .465 -• 647
Total-Mn .781 —.447 .028
Total-Cu .796 .115 .502
Total-Zn .165 .917 .254
Total-Pb .823 -.189 -.119
Variance Explained by each factor
Factor 1 Factor 2 Factor 3
2.265 1.306 .751
Final Communality estimates: Total-4. 323
Total-Fe Total-Mn Total-Cu Total-Zn
.953 .810 .899 .932
Rotated Factor Pattern
Factor 1. Factor 2 Factor 3
Total-Fe .173 .194 .941
Total-Mn .859 -.241 .119
Total-Cu .820 .471 -.059
Total-Zn -.082 .941 .198
Total-Pb .771 —.080 .357
Final Communality estimates: Total-4. 323
Total-Fe Total-Mn Total-Cu Total-Zn





Regression analysis: Factor 1 as dependent variable
Source df Sum of Mean F-value Prob>T
Squares Square
Model 1 39.3 39.3 54.4 0.0001
Error 24 17.3 .72
C Total 25 56.6
Root MSE .849 R2 2 .694
Dep Mean 7.4 E-16 adj. R .681
Model: -7.27 + .000174 x Total-Al « Factor 1
rotated factor loadings of the other components kept a similar
distribution as the unrotated. Since Al is considered to reflect
weathering processes, fluctuations in the Al content with depth
probably reflected variations in the biogenic content (Bruland et
al., 197A; Bertine and Mendeck, 1978). The vertical profiles of Al,
Cu, Pb and Mn showed similar distributions, indicating the importance
of a variable depositional flux of metal-rich particles. Therefore Al
was chosen as a predictor variable in a regression analysis on the
principal components (Table 2). This showed that Mn, Cu and Pb can be
significantly predicted by the Al content of marsh sediments 
**\(r-.83 ). The second and third principal components, however,
could not be predicted by the sedimentary flux (p>T-.79, and p>T**.08, 
respectively). This suggested that something other than sedimentary 
processes controlled part of the variability in Fe and Zn.
Inorganic and organic complexes play an important role in the 
movement and removal of metal ions and phosphorus (Farnsworth’et al., 
1979; Richardson et al., 1978; Darnell et al., 1976). Enrichment 
studies of wetlands generally indicate that nutrients are removed 
from the water column by entering the sediment (Valiela et al., 1976; 
Turner et al., 1976; Hatton et al., 1982). The accretionary 
development (Letzsch and Frey, 1980) and early diagenesis of marsh 
soils (McCaffrey, 1977; Lord, 1980; Giblin and Howarth, 1984) 
indicate biogeocheraical nutrient transformations. To provide a more 
quantitative estimate of their partitioning: soluble, exchangeable 
and reducible fractions were determined. Partial metal partitioning 
indicated that the exchangeable fraction was more influential as the 
salinity decreased. Nevertheless, the exchangeable plus water soluble
phase represented only a fraction of the total elemental 
concentrations (Table 3). This fraction rarely accounted for more 
than 2% of the total metal content* Less than •1% of iron was present 
in the water soluble + exchangeable phase* Manganese, however formed 
an interesting exception and increased from 3.3% in the salt marsh 
upto 7*4% in the freshwater marsh. The soluble plus exchangeable and 
labile fraction held by manganese oxides (Chao, 1972) and amorphous 
iron oxides (Chao and Zhou, 1983) indicated that manganese was 
predominantly (> 24%) associated with the labile fraction, whereas 
iron in this fraction only accounted for a maximum of 9%.
Significant amounts of trace and heavy metals were released upon 
reduction of manganese and iron oxyhydroxides (Table 3). Copper 
seemed to be mainly associated with the reducible fraction in the 
freshwater marsh. Upon an increase in salinity and total sulfur 
content, it is thought that the organic matter and.sulfide fractions 
accounts for the main portion of total copper (Brannon et al., 1976; 
Lindau and Hossner, 1982).
In the brackish and salt marsh in Barataria Basin, only about 20% 
of the total copper was associated with the reducible fraction. A 
similar trend was found for zinc where the moderately reducible 
fraction accounted for the major portion of the total zinc content. 
Co~precipitated Pb in the oxy-hydroxide phase accounted between 30 
and 46% of the total lead content (Table 3).
Factor analysis of the easily reducible fraction indicated a 
similar behavior of the occluded metals. The first principal 
component accounted for 83% of the metal variability (Table 4). The 
same trend was found for the moderately reducible fraction, although
Table 3 : Partial metal fractionation in marsh sediments of Barataria Basin. (N-9).
Lake dea Alleuanda Little Lake Airplane Lake
Soluble Exchang Acld-leachable Total Soluble Exchang Acld-leachable Total Soluble Exchang Acld-leachable Total 
Eaally Moderately . Eaally Moderately Eaally Moderately
Fe 1.19 5.28 589.8 806.2 16675 1.31 17.5 145.8 1373.4 19750 1.52 4.94 289.7 1017.4 15048
.25 1.64 162.4 252.7 1258 .47 13.6 44.1 177.5 2543 .09 1.75 77.8 221.7 819
Mn 1.95 19.11 59.6 19.6' 284.0 .72 7.3 27.5 20.1 180.2 1.76 4.52 24.4 13.5 186.9
.6 3.3 8.3 2.9 15.8 .17 1 3.3 2.1 13.9 .11 1.18 3.9 1.7 12.3
Al .51 4.81 412.2 1523.7 44194 .14 3.1 274.9 1973.5 42918 1.91 .93 181.7 1454.5 38511
.15 .48 52.9 282.7 2538 .07 .29 58.2 281.9 2543 .08 .12 16.8 317 2087
Cu .21 N.D. 13.4 18.8 21.8 .18 N.D. 3.1 7.9 17.1 .29 N.D. 2.92 5.66 21.7
.0* 5.4 7.1 1.2 .03 .24 1.1 1.75 .07 .47 .87 1.6
Zn .59 .56 13.9 36.1 48.1 .21 .21 7.2 28.7 73.5 .12 .15 5.89 12.7 75.8.14 .16 5.1 7.7 7.1 .02 .04 1.7 3.2 6.8 .03 .02 .98 1.6 5.6
Pb .028 .08 7.3 36.2 124.1 N.D. .14 29.9 24.5 . 119.4 .15 .07 20.1 11.9 108.4
.021 .04 .8 8.9 8.1 .03 2.5 3.2 7.6 .009 .011 1.5 1.1 5.3
Mean
Standard Error 
N.D. : Non-Detec table
Table 4 : Factor and regression analysis of easily reducible metals
' in Barataria Basin marsh sediments.
Factor Analysis
Factor Pattern 






Variance Explained by each factor • 
Factor 1 Factor 2 
4.16 .603
Final Communality estimates: Total«4.768
Cu Zn Pb Fe Al
.982 .972 .978 .912 .923
Rotated Factor Pattern 






Variance Explained by each factor 
Factor 1 Factor 2 
2.438 2.328
Regression analysis: Factor 1 as dependent variable
Source df Sum of Mean F-value Prob>T
Squares Square
Model 1 50.19 50.19 21.6 0.0001
Error 24 58.1 2.32
C Total 25 108.3
Root MSE 1.524 r2 2 .463Dep Mean -1 •15 E—16 adj. R .442
Model : -2.21 + .0193 x MnOO *» Factor 1
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the second principal component accounted for 36% and 67% of the 
variability in occluded Mn and Al, respectively (Table 5). Regression 
analysis of the first principal component showed that the easily and 
moderately reducible fraction can be predicted by the amount of
f t f t  ftmanganese (r-.68 ) and iron (r-.48 ) oxides, respectively.
The second principal component of the moderately reducible fraction, 
which accounted for part of the variability in Mn and Al, could also
ftbe predicted by the amount of iron oxides (r-.45 ) present in the 
marsh.
2. Metal accumulation
Accretion rate estimates were calculated from the depth of the
1371963 horizon and 1953 horizon, the first year in which Cs was 
artificially introduced in the environment (Pennington et al., 1973). 
Sedimentation rates averaged 8.5, 9.5 and 10.5 mm yr * in the 
freshwater, brackish and salt marsh sampling sites, respectively 
(Figure 2). Hatton et al. (1982) reported that iron, manganese and 
phosphorus accumulation followed a seaward trend in Barataria basin. 
The accumulation of all nutrients was substantially greater in levee 
marshes than backraarshes, especially in the case of iron (Hatton et 
al., 1982). The accumulation of trace and heavy metals also followed 
a seaward increase (Table 6). With the river's sediment supply cut 
off, organic material produced in situ is the only material available 
for freshwater marsh accretion. In salt marshes, however, frequent 
turbid tidal washes supply the marshes with a high mineral input.
Table 5 : Factor and regression analysis of moderately reducible
metals in Barataria Basin marsh sediments.
Factor Analysis
Factor Pattern 






Variance Explained by each factor 
Factor 1 Factor 2 
2.903 1.337
Final Communality estimates: Total-4.768
Mn Al Cu Zn
.842 .859 .696 .957
Rotated Factor Pattern






Variance Explained by ei
Factor 1 Factor 2
2.559 1.681
Regression analysis: Factor 1 as dependent variable
Source df Sum of Mean F-value Prob>T
Squares Square
Model 1 16.83 16.83 7.24 .0128
Error 24 55.76 2.323
C Total 25 72.59
Root MSE 1.524 r2 2 .232Dep Mean -1.75 E-15 adj • R .199
Model : -1.287 + .0012 x FeOO -X Factor 1
Regression analysis: Factor 2 as dependent variable
Source df Sum of Mean F-value Prob>T
Squares Square
Model 1 6.92 6.92 6.26 .019
Error 24 26.5 1.10
C Total 25 33.4
Root MSE 1.051 r2 2 .207Dep Mean -4.85 E-16 adj. R .174
Pb
.884
Model : -.825 + .000078 x FeOO ■ Factor 2
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Soil bulk . 
density 
(g cnT )





Freshwater 8.5 .11 + .03 41.3a 16.1® .27® .047® .021® .11®
4.2 2.2 .03 .009 .021 .009
Brackish 9.5 .21 + .07 89. 2b 40.9b .37® • 15b .036® .25b
12.2 5.7 .05 .02 .006 .03
Salt 10.5 •34 + .04 137.3C 53. 6b • 66b .27° •077b •38C
11.3 4.5 .06 .03 .008 .03
* Integrated mean (N=9) from surface to AO cm depth +/— standard error
Means with the same letter are not significantly different (Duncan's criterion).
This resulted in a significantly higher Al, Zn, and Pb accumulation
rates along this hydraulic energy gradient* The accumulation rates of
Fe in the salt marsh were significantly higher than in freshwater
marshes, but not significantly higher than in the brackish marshes*
Mn and Cu accumulation rates were significantly higher in the salt
marsh in respect with both the brackish, and freshwater marshes
(Table 6). Thus the input of inorganic sediment through upperbasin
drainage and tidal exchange "dilutes" the carbon accumulation in the
salt marsh, but "concentrates" the accumulation of trace and heavy
metals* Accumulation rates of Al, Fe, Zn, Cu, and Pb were 3.3 to 3*5
times faster in the salt marsh than in a freshwater marsh. Mn,
however, accumulated only 2*4 times faster in the salt marsh,
-2  -1indicating the release of *26 g Mn m yr due to 
post-'depostional mobility. The integrated manganese to aluminum 
ratio*8 showed a seaward depletion of manganese. This ratio decreased 
from *64% in the freshwater marsh to *42% and .49% in the brackish 
and salt marsh, respectively.
3. Metal uptake by marsh grasses
Macrophytic vascular plants, phytoplankton and algae take up 
nutrients directly from water and sediments, and thus directly 
Influence nutrient concentrations in the water column and 
interstitial pore waters. Most rooted plants derive their nutrients 
primarily from sediments, although a few species are capable of 
obtaining some nutrients from the water as well (Farnsworth et al., 
1979). The dominant marsh grasses in the salt, brackish and
freshwater marsh are Spartina alternlflora , Spartlna patens
and Panicum hemitomum , respectively* Annual mean trace metal
concentrations indicated significantly higher Al, Fe, and Pb
contrations in Spartina alterniflora than in Spartina patens
(Table 7). However, Mn and Zn concentrations in both. Spartina spp*
were significantly lower than in Panicum hemitomum (Table 7).
Trace metal remobilization from these marshes are thus enhanced by
plant uptake in proportion to their productivity* Annual aboveground
primary production estimates have been summarized by Feijtel et al*
(1985) in a carbon budget for Barataria Basin (chapter 1)* This
resulted in an annual remobilization of *67, *23, and *39 g Fe 
-2 -1m yr for salt, brackish, and freshwater marshes,
respectively* Mn remobilization was highest in the freshwater marsh
-2 ~1accounting for *21 g Mn ra yr , versus .17, and *05 g Mn 
- 2 -1m yr in salt and brackish marshes, respectively*
No significant seasonal pattern in iron and manganese uptake was 
noticed in both Spartina spp* However, Panicum hemitomum 
showed a significantly higher metal uptake at the end of the growing 
season (Figure 3)*
The fate of nutrients and trace metals taken up by plants varies 
with the life history and other characteristics of the species. 
Nutrients may be leached while plants are still alive (Gallagher et 
al., 1976; Prentki et al., 1978) or conserve nutrients by 
translocating to persistent tissues prior to leaf fall ( Davis and 
van der Valk, 1978; Prentki et al., 1978). Most nutrients are lost 
when the plant dies and as a whole, wetland vegetation tends to lose, 
with leaf fall, most of the nutrients that have been taken up over
Table 7 : Annual mean trace metal content and standard error in three dominant
marsh plants in Baratarla Basin*
Species Metal content (ug/g)
Al Fe Mn Zn Cu Pb
Spartina 368a 304a 77a 20.8a 8.4a 7.8a
alternlflora 117 24 7 2.8 1.9 .5
Spartina 100b 166b 37a 11.2a 5.6a 6.2b
patens 14 10 4 1.1 .4 • .3
Panicum 139b 262a 140b 26.4b 7.5a 9.4C
hemitomum 39 52 31 3.7 .8 .5
* : Mean and standard error (N=17).
Means with the same letter are not significantly different (Duncan's 
criterion)
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Figure 3 : Seasonal variation in manganese and.iron content of Soartina_ 
alterniflora , Soartina patens , and Panicum hemitomum •
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the year (Adamus, 1984). The time lag between nutrient release, 
immobilization within the sediments, and peak flows largely 
determines whether nutrients are flushed from the system or recycled 
within it (van der Valk et al., 1979; Livingston and Loucks, 1979). 
Pellenbarg (1978) reported that abundant Spartina alterniflora 
litter in salt marshes can become enriched in trace metals by 
trapping, as an external coating, the metal~rich microlayer residing 
on water surfaces in the salt marsh. Recently, Pellenbarg (1984) 
demonstrated the spatial and temporal variability in metal retention 
by litter. The litter exhibited highest Fe and Mn quantities in the 
winter, up to 6,000 ppm Fe and 350 ppm Mn.
Barataria Basin litter was sampled at the end of the growing 
season, indicating that following macrophyte dieback, the litter 
assumed a dominant role in the retention of trace and heavy metals 
(Table 8). Iron and manganese were enriched by a factor of 3. to 20, 
suggesting its possible role in temporary storage and transport. Iron 
content ranged from 3,700 ppm to 4,500 ppm, whereas manganese 
quantities ranged from 100 to 610 ppm. The salt marsh litter 
exhibited highest Mn contents. As such, the litter might play an 
important role in the mobilization of heavy and trace metals to 
adjacent waterbodies. Assuming that this process is operative in the 
salt marsh and that fall litter composition represented a good
estimate of the annual mean metal content (Pellenbarg, 1984), an
. —2 HIexport of 430 g m yr of particulate organic matter would
be required to account for a manganese depletion rate of .26 g
-2 -I m yr .
Table 8 : Trace metal *content of detrital material of salt, brackish, and
freshwater marshes in Barataria Basin.
Location Metal content (ug/g)
Al Fe Mn Zn Cu Pb
Airplane Lake 6549 3745 610 39.0 23.7 30.1
324 211 74 10.1 4.2 5.3
Little Lake 6222 4550 103 50.6 21.5 31.1
566 243 32 12.9 3.0 6.2
Lake des Allemands 1916 4527 433 58.3 9.1 1.9
387 328 67 19.6 2.1 .3
* : Mean and standard error of three subsamples*
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Pore Water Dynamics in Baratarla Basin Marshes
ABSTRACT
Sediment redox potential, interstitial pore water pH, sulfate, 
carbonate, and trace metals were measured monthly from August 1984 to 
August 1985, in a salt, brackish, and freshwater marsh in Barataria 
Basin.
The salt marsh was characterized by low redox potentials during
the summer and fall, resulting in net pyrite formation. Early spring
oxidation of the sediments through 0^ advection by falling water
levels over the marsh surface, created extreme acid conditions,
indicating that pyrite was oxidized all the way to sulfate.
Brackish and freshwater marshes exhibited a much greater seasonal
variability, with strong vertical redox fluctuations. In the
2+ 2+freshwater marsh, both Fe and Mn were controlled by
temporal pH changes, and were relatively independent of
oxidation-reduction phenomena, suggesting a possible organic control
mechanism. However, in the brackish marsh ferrous iron concentrations
were governed by pH (r»-.74 ) and Eh (r».65 ) changes,
2+indicating that Fe concentrations were likely controlled by 
pyrite formation and oxidation.
Ion activity product calculations indicated that iron and 
manganese phosphates and carbonates were unlikely to form in 
Barataria Basin marshes. However, iron and manganese sulfide 
supersaturation occurred in all three marshes.
Brackish marshes were found to contain significantly higher pyrite 
concentrations (1.4%), than salt (.69%) and freshwater (.66%)
marshes. The dynamic pyrite cycling in Louisiana salt marshes, 
resulted in a low pyritic pool, characterized by single, fine grained 
euhedral crystals. Pyrite was also found to occur in void cell spaces 
or attached to the walls of cortical cells of Spartina 
alterniflora rootlets.
INTRODUCTION
The availability of plant nutrients and sulfides in marsh 
ecosystems is largely governed by the abundance of parent minerals, 
and by microbially or physico-cheraically mediated oxidation-reduction 
processes. Nutrients and trace metals such as Fe and Mn enter tidal 
marshes through microbial processes, flow of surface or ground water, 
di8solution~precipitation reactions, and through tidal exchange and 
upland runoff. Marshes in coastal Louisiana are characterized by a 
rapid carbon accumulation (Hatton et al., 1983), indicating that
large quantities of metabolizable organic matter are passed quickly
through zones of aerobic oxidation and sulfate reduction. As such, 
phototrophic energy fixation exceeds heterotrophic and 
chemoautotrophic energy dissipation in these systems.
The chemistry of these marsh sediments should be largely
characterized by the input of organic matter and the consumption and
regeneration of dissolved oxidizing agents, Oj, NO^", 
solid metal oxide phases of Mn and Fe, SO^ , and 
HCO^ * The diffusion, and flux of these dissolved pore water 
solutes and their respective reactions with solid phases control 
interstitial pore water activities. The mobility of iron, manganese,
and sulfur compounds Is strongly Influenced by redox potential (Eh)
and pH (e.g. Berner, 1971; Goldhaber and Kaplan, 1974; van Breemen,
1976; Lord, 1980; Howarth and Giblin, 1984). Giblin and Howarth
(1984) reported dynamic seasonal transformations In the Great
Sippewissett marsh. This cycle was governed by sulfate reduction and
pyrite oxidation, resulting in the precipitation and release of 
2+Fe , respectively.
To examine the dynamics of trace metal cycles in marshes, we 
measured concentrations of dissolved pore water constituents 
throughout the year in stands of Spartina alterniflora , Spartina 
patens and Panicum hemitomum . Through a quantitative pore water 
analysis and geochemical saturation calculations, it was possible to 
elucidate the main governing reactions.
MATERIALS and METHODS
Cores (10 cm I.D.; 50 cm deep) of vegetated marsh were taken 
monthly from the freshwater, brackish and salt marsh in Barataria 
Basin.
Two cores were collected at each location. The first one was 
treated immediately upon return to the laboratory and sectioned in 2 
cm sections.
1. Pore water and solid phase analyses
Pore waters were extruded anaerobically through centrifugation and 
filtered through an 0.45 um millipore filter. Interstitial pore water 
pH, EC and alkalinity were measured immediately. The rest of the 
sample was acidified with 6 N HNO^ to pH 3 and refrigerated until
chemical analysis. Major cations and trace metals were determined 
through inductively coupled argon plasm spectrometry (ICP) and 
Cl and SO^ were analyzed on a Dionex ion 
chromatograph.
The second core was used for the measurement of the redox 
potential. Replicate redox measurements were taken with bright Pt 
redox electrodes at depths of 1, 5, and 9 cm after an equilibration 
time of 3 to 4 hours.
Pyrite content was determined as described by Begheijn et al. 
(1978). Freeze-dried samples were finely ground and 100 mg was used 
for the analysis. The soil was placed into a 35 ml teflon crucible 
and 3.0 ml HF and 1.0 ml was added. After one minute
swirl, the sample was transferred into a quartz beaker with 10 ml of 
saturated boric acid solution and 1.0 ml HC1 and boiled for 2 
minutes. Samples were centrifuged and washed to separate the pyritic 
residue from the supernatant solution. This solution was used for the 
non-pyritic ferrous iron and total iron determination. The pyritic 
residue was washed into 50 ml porcelain dish with 10 ml HNO^. The 
mixture is evaporated to dryness on a steam bath and extracted with 5 
ml 4N HC1. After centrifuging, and washing iron was analyzed in the 
supernatant liquid.
2. SEM sample preparation
Sample preparation for the scanning electron microscope (SEM) 
examination consisted of washing and rinsing with deionized water.
The sample was fixed during 48h in 2 % GTA in .02 M phosphate buffer. 
Dehydration of the samples was accomplished by a 2-2 dimethoxy 
propane procedure which consisted of the addition of .1 ml
concentrated HC1 and washing with acetone, followed by critical point 
drying. A different sample set was prepared by impregnating the 
samples in liquid nitrogen and the root cross-sections were dried in 
the freeze-dryer. The specimens were gold-coated with a sputter 
coater and viewed with a Jeol-Jsm T300 SEM operated at 25 kev coupled 
with an Ortec energy dispersive X-ray microanalysis system* The 
energy dispersive X-ray microanalysis (EDS) was used for mineral 
identification.
RESULTS and DISCUSSION
1. Spatial and seasonal variation
2+ 2+Interstitial pore water concentrations of Fe and Mn 
showed distinct seasonal variations at each location (Figures 1, 2, 
and 3). The chemical response to seasonal and climatic influences 
created a different dynamic system at each sampling location. This 
was mainly due to differences in oxidation-reduction cycles (Figures 
4, 5, and 6). The salt marsh was characterized by high 
redox-potentials (Eh) during the months of February, March, and April 
and low redox intensities during the summer and fall. The relative 
predominance of oxidation over reduction in salt marsh sediments was 
associated with low water levels during the months of January and 
February, resulting from dominant north-westerly winds. Reducing 
conditions during the summer months resulted from onshore water 
transport from winds of the southern quadrant and high summer 
precipitation (up to 30 cm in August ’85, Chapter 1). Sediment 
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al., 1981; Giblin and Howarth, 1984) in the summer months did not
result in significant redox increases. However, the high oxidation
intensity in early spring might be partially attributed to this
phenomenon. The intense subsurface oxidation during late winter and
early spring resulted in extreme acid interstitial pH values of
around 3.2 up to 4.0. During the early spring the oxidation rates
were high enough to neutralize the alkalinity produced by sulfate
reduction and substantially lower the pH. The pH minimum in March
2+resulted in a sharp increase of interstitial Fe , indicating the
2+dissolution of pyrite. Subsurface Mn concentrations (at 3 cm
depth) showed also a slight increase in March, but maximum values
were recorded in the month of July. Manganese oxides are reduced at
higher Eh levels than iron oxides, and as reducing conditions 
2+persisted, Fe exhibited a second maximum in the summer.
The reduction of manganese and iron oxides by upward-diffusing
hydrogen sulfide in the summer months, released significant amounts 
2+ 2+of Mn and Fe • Reprecipitation as sulfides and possibly
2+carbonates in the late summer is thought to control Fe and 
2+Mn solubilities during the fall. Significant interrelation
2-between ferrous iron, interstitial pH, and S0^ indicated 
2+that Fe was very likely controlled by pyrite formation and 
oxidation (Table 1).
In the brackish marsh oxidation processes dominated during the 
winter and summer, and reduction was highest in the spring (Figure 
5). This corresponded to a pH minimum in December and high
2+ 2+ 2+interstitial Fe and Mn concentrations. A second Fe
peak in April was associated with the reduction of iron oxides, as
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■ A o-Table 1 : Correlation matrix for interstitial Fe, Mn, pH, SO^ ,
and sediment redox potential, and pyritic content in 
Airplane Lake*
Dissolved Dissolved Interstitial Interstitial Sediment Pyrite 
Fe Mn pH SO^ Eh Content
Dissolved 1*00 .30 -.38 .28 .43 -.26
Fe .007 .0001 .01 .02 .24
80 78 74 31 21
Dissolved 1.00 .01 .20 -.26 .04
Mn .92 .08 .15 .85
78 74 31 21
Interstitial pH 1.00 -.65 -.85 • .48.0001 .0001 .02
72 30 21
2-Interstitial SO, 1.00 .59 -.68
.0008 .0008
29 20




* : with Correlation coefficient
Significance level
Number of observations
reduction phenomena persisted. Highly correlative behavior of
2+  2-*Fe with pH, Eh, and SO^ (Table 2), suggested that
pyrite oxidation and sulfate reduction were possibly also controlling
ferrous iron solubility in Little Lake.
Similarly to the brackish marsh, the freshwater marsh was
characterized by a much higher variability than salt marsh sediments.
No consistent seasonal pattern could be deduced from the vertical
redox profile as redox maxima at 1 cm depth corresponded to redox
minima at 9 cm depth. Nevertheless, interstitial pH profiles
indicated severe acid conditions in October and July, which
2+ 2+corresponded with peaks in interstitial Fe and Mn (Figure
3). Ferrous iron and manganous manganese were subject to a pH control
2~mechanism, and seemingly independent of Eh and SO^ 
fluctuations (Table 3). The lack of a significant Eh-pH relationship 
due to the limited inorganic sediment content of freshwater marshes, 
suggested that inorganic pH buffering was" minimal, and likely 
governed by the accumulation and removal of organic acids. This 
resulted in high pH values during the winter months, when bacterial 
activity was surpressed, and progressively lower pH with increasing 
temperatures throughout the summer and early fall (Figure 6). The 
production and degradation of organic matter during the summer and 
early fall resulted in a net accumulation of organic acids and 
release of adsorbed trace metals.
2. Sulfate reduction and pyrite formation
Sulfate reduction is one of the most important catabolic processes 
in anoxic sediments, accounting for 50% up to perhaps 90% of the
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* 2-  Table 2 : Correlation matrix for interstitial Fe, Mn, pH, SO^ ,
and sediment redox potential, and pyritic content
in Little lake.
Dissolved Dissolved Interstitial Interstitial Sediment Pyrite 
Fe Mn pH SO^ Eh Content
Dissolved 1.00 .41 -.74 .65 .56 .03
Fe .0001 .0001 .0001 .004 ■ .89
75 63 50 25 21
Dissolved 1.00 -.09 .66 .46 .05
Mn .47 .0001 .02 .83
63 50 25 21
Interstitial pH 1.00 -.49 -.46 .25.0001 .023 .34
52 24 16
2-Interstitial SO, 1.00 .47 -.30
.05 .36
18 11








* 2-  Table 3 : Correlation matrix for interstitial Fe, Mn, pH, SO^ ,
and sediment redox potential, and pyritic content in
Lake des Allemands.
Dissolved Dissolved Interstitial Interstitial Sediment Pyrite 
Fe Mn pH SO^ Eh Content
Dissolved 1*00 .57 -.46 .12 -.02 .01
Fe .0001 .0001 .37 .91 .98
79 67 60 30 20
Dissolved 1.00 -.37 .20 .12 -.14
Mn .002 .12 .50 .54
67 60 30 20
Interstitial pH 1.00 .13 -.07 .42
.35 .71 .06
48 28 20
2-Interstitial SO, 1.00 .14 -.42• .35 .15
49 13




* : with Correlation coefficient
Significance level
Number of observations
total respiration in salt marsh sediments (Skyring et al., 1978; 
Howarth and Teal, 1979; Howarth and Giblin, 1983; Howes et al*,
1984). Lord (1980) represented the sulfate reduction process by the 
following reaction (modified from Richards, 1965):
2 t(CH2)c (NH3)n (H3P0A)p] + c (S042~)
   2c (HC03~) + 2n (NHa+) + 2p (HPO^2") + c (HS~)
where c, n, and p represent the C:N:P ratio of the decomposing 
organic material* As sulfate reduction proceeds, sulfides are 
released and act as primary reducing agent in sediments, causing the 
dissolution of oxidized Fe and Mn minerals* The iron and manganese 
released by sulfide production will be subject to reprecipitation and 
diffusion* Kinetic studies have shown that the reduction is 
relatively fast and could be faster than Fe production rates in salt 
marsh sediments (Howarth, 1979; Howarth and Teal, 1979; Lord, 1980). 
Much of the hydrogen sulfide produced during sulfate reduction is 
precipitated as iron monosulfides and pyrite (Jorgensen and Fenchel, 
1974; Jorgensen, 1977; Howarth, 1979). Thermodynamically, pyrite is 
the most stable ferrous sulfide mineral, and should be the ultimate 
reaction product* Though the rate limiting reaction step is the 
conversion of FeS (or FejS^) to FeSg* It can be seen that 
at lower sulfide activities, the equilibrium solubility approaches 
the greigite saturation field and at higher sulfide activities the 
mackinawite or amorphous FeS (Sweeney, 1972; Rickard, 1975; Goldhaber 
and Kaplan , 1974). Lord (1980) reported that FeS formed in the top 
10 cm and is completely converted to framboidal pyrite by 15 cm depth 
in the Delaware marshes.
The pyrite particles in the salt marsh were abundant and present
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as single crystals or lenses of minute octahedral crystals ranging 
from .1 urn up to 2 urn (Plate 1). This would indicate the rapid 
formation of pyrite (Rickard, 1975; Howarth, 1979; Luther et 
al.1982), as a result of the predominance of oxidation processes, 
which would favor the formation of polysulfides and elemental sulfur 
(Giblin and Howarth, 1984). Rickard (1975) proposed the following 
reaction:
24* 2 ^  — 2 ~  4-Fe + S5S* + HS ----   FeS2 + + H
Rickard (1975) reported single crystal formation when pyrite forms 
rapidly, whereas framboidal pyrite results from the reaction of iron 
monosulfides and elemental sulfur (Goldhaber and Kaplan, 1974).
Pyrite concentrations in the salt marsh, however were found to be 
significantly less than the pyrite content in the brackish marsh 
(Table 4). The dynamic cycle of pyrite formation and pyrite oxidation 
(Figure 7) found in the salt marsh resulted in a low pool of reduced 
FeSgHS. Pyrite in the salt marsh behaved as a dynamic species and 
was thought to act as an intermediate in sulfide oxidation in these 
sediments. This resulted in a strong inverse relationship between 
interstitial sulfate concentrations and pyrite content (Table 1). 
Early spring oxidation of the sediments through Og advection of 
falling water levels over the marsh surface created extreme acid 
conditions, suggesting that pyrite was oxidized all the way to 
sulfate. Interstitial pH showed a significant inverse relationship 
with interstitial sulfate levels, indicating pyrite oxidation and 
release of tremendous amounts of energy.
The brackish and freshwater marsh were characterized by the 
absence of single crystal pyrite particles, and exhibited less
202
Plate 1 : Pyrite particles in the salt marsh - Top: single euhedral 
pyrite crystals. Bottom: Pyrite crystals on external 
secondary root of Spartina alterniflora .



















Lake des Allemands • 48a • 23a 6.7a 62a 5.5a 1.0a
.08 .02 1.4 9.8 .1 .2
Little Lake • 27a • 20a 13.7b 130b 6.6b 2.7b
.02 .02 1.7 18.8 .1 .2
Airplane Lake 1.38b • 83b 6.9a 1643° 6.7b 16.5'
.24 .04 1.0 91 .2 .4
* : Means with the same letter are not significantly different 
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Figure 7 : Seasonal pyrite variation In marsh sediments of Baratarla Basin.
too■e*
variation through the season (Figure 7). Pyrite concentrations in
2-these marshes were uncorrelated with pH, and SO^ (Tables 2, 
and 3). This resulted in a rather static and high pyritic pool.
3. Phase transformations and saturation states
After ferrous iron and manganous manganese are produced in the
2+ 2+subsurface sediment layer, both Fe and Mn can
reprecipitate as oxides upon exposure to oxygen, or under anaerobic
conditions, reprecipitate with anions produced during anaerobic
metabolism*
, Ion activity products (IAP) were calculated for annual mean iron 
and manganese profiles in Barataria Basin marshes (Figures 8, 9, and 
10), and compared with tabulated values of selected carbonate, 
sulfide, and phosphate minerals (Table 5). Demonstrating saturation 
or supersaturation for minerals with slow precipitation kinetics does 
not prove that the mineral is present in the sediment* Some of the 
possible minerals, such as siderite (FeCO^), rhodochrosite 
(MnCO^), and pyrite (FeS2) can exhibit slow precipitation 
kinetics, and pore water solutions strongly supersaturated for these 
minerals have been reported (Lord, 1980; Postma, 1981; Giblin and 
Howarth, 1984). However when calculated IAP values fall well below 
saturation, it can be taken as strong evidence that mineral 
precipitation cannot occur*
Possible mineral saturation was analyzed by calculating IAP 
through the use of a revised version of the equilibrium computer 
model GEOCHEM (Sposito and Mattigod, 1979). The carbonate, and 
phosphate solubility calculations were based on the following
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Table 5 : Solubility products at 25 C and 1 atm
Reaction -log»8p) Reference
FeS (amorphous) 2+ 2- Fe + S* 16.9 Berner (1967)
FeS (mackinawite) 2+ 2- Fe + S* 17.5 Berner (1967)
Fe^S^ (greigite) 2+ 2~3Fe + 3S + S 18.2 Berner (1967)
FeS2 (pyrite) 2+ 2~Fe + S + S 27.6 Berner (1967)
FeCOj- (siderite) 2+ 2- Fe + C03 10.2 Singer and Stumm (1970)
Fe3(PO^)2 (vivianite) 2+ 3~ 3Fe + 2 PO.4 36.0 Nriagu (1972)
MnS (alabandite) 2+ 2- Mn + S 17.8 Mills (1974)
MnS2 (hauerite) 2+ 2- Mn + S + S 20.6 Mills (1974)
MnCO^ (rhodochrosite) 2+ 2- Mn + C03 10.4 Morgan (1967)
Mn3(PO^)2 (reddingite) 2+ 3- 3Mn + 2P0,4 31.8 Postma (1981)
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relations:
[C032”1 - titration alkalinity / (1 + [H+ ]/K1+ tH+ ]2/K1K 2)
[P043”] - measured P / (1 + [H+ ]/K3 + [H+ ]2/K3K4 +
[h+ ]3/k3k4k5)
with Kj»10 (Murray et al* 1978)
Kg^lO (Garrels and Christ 1965)
K3»1(T9*0 (Atlas et al. 1976)
K4-10"^#11 (Atlas et al. 1976)
K5-1<T1#71 (Atlas et al. 1976)
where [ ] represent total concentrations as entered in the
computer equilibrium model. Due to a limited sensitivity (0.1 ppm) of
the Ag/S electrode (Orion), measurements of interstitial pore water
sulfide activities were rather poor. Therefore, sulfide equilibria
calculations were based on redox potential measurements. Berner
(1963) demonstrated that measured sulfide activities compared well
with the half cell equation for the reaction:
S2~   S , , + 2 e~ ,aq rhrab *
and is governed by the theoretical equation 
Eh - ~.475 + .0295 pS2~
Computations involved 166 possible ligands and 39 possible solids, 
and generated free ionic concentrations. Corrections were made for 
ionic strength using the extended Debye-Huckel expression. Ion 
activity products were calculated by:
IAP " ®Me X aL
- fMe (Me) x fL (L)
where 'a' represents the activity of the ionic metal or ligand
species and 'f' represents the activity coefficient used to correct
free ionic concentration data to activity. Due to the lack of 
ammonium measurements, uncorrected titration alkalinity estimates 
were used in IAP calculations, thereby slightly overestimating 
carbonate activities (Berner, 1971). Nevertheless, iron and manganese 
carbonates were undersaturated in respect with siderite and 
rhodochrosite in all three marshes (Figure 11). Calculations with 
GEOCHEM also indicated undersaturation and no precipitation of 
rhodochrosite or siderite was predicted if solids were allowed to 
precipitate or dissolve.
Phosphate equilibria were based on measurements of total dissolved 
phosphorus determined on the ICP spectrometer, thereby ignoring the 
organic fraction. Therefore phosphate ion activity products 
represented minimum values (~logIAP), and are more likely to exhibit 
supersaturation. Nevertheless, undersaturation was found in respect 
with vivianite and reddingite (Figure 12), and are unlikely to be 
found in Barataria Basin marshes.
Sulfide ion activities exhibited an increase with depth at all 
sampling sites, indicating that sulfide equilibria are likely to 
control Fe and Mn concentrations at depths greater than 15 to 20 cm 
(Figure 13). The uncertainty in reported solubility products of MnS 
(Holdren, 1977) make it impossible to differentiate MnS formation on 
ion activity products alone. However, all pore waters were highly 
supersaturated in respect with hauerite (MnSg) and pyrite 
(FeS2).
Sulfide equilibria indicated that all three marshes were 
supersaturated in respect with pyrite at depths greater than 3 to 5 
cm. However, undersaturation occurred in respect with iron
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Figure 11 : Manganese and iron carbonate ion activity products in
marshes of Barataria Basin*
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gure 12 : Manganese and iron phosphate ion activity products in
marshes of Barataria Basin.
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gure 13 : Manganese and iron sulfide ion activity products in
marshes of Barataria Basin*
monosulfides in pore waters of the brackish and salt marsh sediments 
up to a depth of 20 cm. The freshwater marsh showed undersaturation 
with respect to iron monosulfides over the whole sampling interval by 
at least two orders of magnitude. This suggested that pyrite 
formation could not be the result of a conversion of .FeS to FeSg. 
Subsurface pyrite formation in brackish marshes probably also 
resulted from the direct reaction of ferrous iron with polysulfides.
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CHAPTER SEVEN
Biogeochemistry of Iron and Manganese in Barataria Basin
Estuarine Water
ABSTRACT
Salinity, pH, dissolved organic carbon (DOC), suspended
particulate matter, dissolved and particulate metals were measured
monthly from May 1984 to May 1985 at stations in the upper, middle
and lower areas of Barataria Basin* Seasonal measurements indicated
strong temporal and spatial variations of DOC, dissolved and
particulate Fe and Mn* DOC was highest in the upper basin averaging 
*"*19.0 ± .8 mg 1 • It decreased towards the middle and lower parts
of the basin, where the average levels were 7.7 ± *7 and 3.7 ± .6 mg 
1 *, respectively.
Fe and Mn in Barataria Basin surface waters showed a linear
'ftfc 'ft ft(r«*.98 and r«.83 ) seaward increase in the dissolved
fraction. Removal of dissolved Fe and Mn in the upper basin, and 
mobilization in the saline endmember resulted from complex integrated 
biological and chemical processes. Biological uptake, 
adsorptionndesorption processes, diffusive and advective exchange 
with underlying anoxic sediments, and precipitation-dissolution 
reactions were thought to control the transition between dissolved 
and particulate forms of both metals.
A leaching procedure with .IN and 1.3 N HC1 was applied in order 
to distinguish particular metal fractions. The easily acidHLeached 
Cu, Zn, Pb, and Cd could be adequately predicted by the amount of Mn 
present in the filtrate (r».52 ), whereas the moderately
acid-soluble fraction of Cu, Zn, Pb, and Cd could be predicted by the
amount of Fe present (r*f75 ). The acid-leachable particulate
fraction of Fe and Hn exhibited an exponential (r«*.53 and 
**r«.53 ) seaward decrease. Similar behavior for acid-soluble Cu,
Zn, and Pb suggested a possible coprecipitation with .hydrous iron and 
manganese oxides on suspended particulate matter.
INTRODUCTION
In conceptual ecological models of estuarine ecosystems the 
sediment is often viewed as a black box that behaves with respect to 
the water column as a sink for organic material and as a source of 
dissolved nutrients. The constant reflux of solutes and particles 
between bottom sediments and their overlying waters is an important 
component of material cycles, determining chemical composition and 
biological productivity of aquatic environments (e.g. Aller, 1980; 
Berner, 1980; Billen, 1982). The transfer of iron and manganese from 
the sediments to the overlying waters occurs mainly in the dissolved 
form through diffusive and advective fluxes (Aller, 1980; Elderfield 
et al., 1981; Aller and Benninger, 1981). However, the sedimentation 
flux of metals from the water column to the sediment occurs mainly in 
the particulate form (Turekian, 1977; Hunt, 1983). Particulates 
include terrestrial and atmospheric particles, resuspended sediment 
and particles produced in situ.
In natural waters the concentration and speciation of trace metals 
will depend on competing processes (Davis and Leckie, 1978;
Sholkovitz and Copland, 1981; Fox, 1984). Precipitation of insoluble
inorganic compounds and adsorption onto suspended particles and 
sediment will remove trace metals from the dissloved phase* On the 
other hand, complexation / chelation with dissolved organic and 
inorganic ligands and formation of colloids will keep trace metals in 
the dissolved phase (e*g. Sturara and Morgan, 1981; Picard and Felbeck, 
1976; Vuceta and Morgan, 1978; Sholkovitz, 1976). Dissolved trace 
metals in this context refers to iron and manganese not removed by 
normal (*45 urn) filtration processes* Evidence for dissolved trace 
metal removal through biological consumption has been presented only 
recently (Glover, 1978; Martin and Knauer, 1980; Hunt and Smith,
1980, Hunt,1983; Matsunaga et al*, 1984). Glover (1978) found a 
negative correlation between soluble iron and phytoplankton blooms in 
marine coastal waters. Also, the incorporation of manganese and 
deposition of manganese by flocculent organic matter and 
phytoplankton could play an important role in the removal of 
dissolved manganese from solution ( Hunt and Smith, 1980; Hunt,
1983).
There have been many studies on the behavior of manganese (Holdren 
et al*, 1975; Graham et al., 1976; Duinker et al., 1979; Wollast et 
al., 1979; Eastman and Church, 1984) and iron in estuaries (Boyle et 
al., 1977; Murray and Gill, 1978; Hart and Davies, 1981; Hong and 
Kester, 1985). In general, solute-solute and solute-'particulate 
interactions are the overall controlling processes in the removal of 
trace metals from estuarine waters. The objective of this study was 
to examine seasonal trace metal behavior for three sampling stations 
along a salinity transect. In particular, we wanted to determine the 
role of the sediment in controlling trace metal concentrations in the
overlying water column and assess if a controlling solid equilibrium 
phase exists for dissolved iron and manganese*
MATERIALS and METHODS
1* Sampling
The sampling strategy followed in this study consisted of a 
monthly sampling of sediment and overlying water of Lake des 
Allemands, Little Lake and Airplane Lake, from March 1984 until 
August 1985*
Waterbodies in the upper basin (Lac des Allemands) were 
characterized by high primary productivity* pronounced seasonality* 
and net heterotrophy (Day et al.* 1982). The tidal range is 3.2 cm 
(Byrne et al.* 1976) and waters were fresh* with an average salinity 
of .18 g/1. The lower basin has a tidal range of 12 cm (Marmer, 1948) 
in the brackish area (Little Lake) and up to 30 cm in the bay (Day et 
al., 1982), with an average salinity of 14 g/1 (Table 1). Autotrophic 
saline areas were less productive and lack consistent seasonality 
(Day et al.* 1982).
At each station* duplicate water samples were collected in 
acid-rinsed 250 ml polyethylene bottles. Water samples were collected 
from the near-surface layer* approximately 10-15 cm below the water 
surface, and stored and transported on ice.
Sediment cores were collected with a 10.2 cm inside diameter 
coreliner. Care was taken during coring not to lose the easily 
resuspendible material at the sediment surface. The cores (40-50 cm 
sediment + 10-20cm water) were sealed with rubber stoppers and
Table 1 : Physico-chemical characteristics of waterbodies in Barataria Basin
Ecological Zone Sampling Site Depth Salinity Secchi Tidal Renewal
depth Range Rate
Cm) (ppt) (cm), (cm) (days) 
from
Upper Basin Lake des 2.0 .18f.44 33 3.2^ 79*
Allemands
Upper - o
Lower Basin Little Lake 1.8 2.2±1.8 72 12.0 250-300
Airplane 1.4 13.8±5.2 65 30.05 252
Lower Basin Lake
(1) Craig and Day 1977
(2) Happ et al. 1977
(3) estimated from Craig and Day 1977
(4) Byrne et al. 1976
(5) Mariner 1948
(6) Witzig and Day 1982
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transported in a vertical position. The cores were sectioned into 2 
cm lenghts immediately upon return to the laboratory after carefully 
discarding the overlying water.
2. Water and pore water analyses
Upon return to the laboratory (within 4-5 h of collection) the 
water samples were hand-shaken and vaccuum-pressure filtered through 
acid-cleaned .45um Milliporer membrane filters. After filtration, 
the total volume was recorded and 20 ml subsample was acidified with 
high purity nitric acid (6N) to pH 2.5 for the dissolved fraction 
analysis. Another subsample of 30 ml was run through a column which 
contained 2.0 g Chelex-100 resin following the procedure of Gambrell 
et al.(1977). The remaining volume was kept deep frozen until DOC 
determinations could be performed using the carbon analyzer. The 
preweighed filters were rinsed after filtration with 15-20 ml 
deionized water to remove the adhering salts and dried at 105° C 
for 24h. The concentration of suspended matter was estimated from the 
weight gain. The filters were leached with .IN ultra-pure HCL for 18h 
for the determination of particulate Mn (Duinker et al., 1974). 
Particulate Fe was determined through the same leaching procedure 
followed by a 24h leaching with 1.3 N HCL. This leaching procedure 
and a total digestion was applied to distinguish the fraction of any 
particular metal that is included as a structural element of sediment 
particles from the fraction that is either adsorbed by clay mineral 
lattices, or included in hydrous iron-manganese oxides and 
carbonates, organic matter and colloidal matter (Duinker et al.,
1974; 1980).
Pore waters were extruded anaerobically through centrifugation and
filtered through a .45 um millipore filter. The samples were 
acidified with 6 N HNO^ to pH 3 and refrigerated until chemical 
analyses. Major cations and trace metals were determined through 
inductively coupled argon plasma spectrometry (ICP).
RESULTS and DISCUSSION
1. Behavioral patterns
Dissolved iron (R".98 ) and manganese (R-.83 )
concentrations were highly correlated with salinity throughout the
basin (Figure 1). Their relationship indicated consumption in the
freshwater endmember and production in the saline endmember. The
consumption in the upper basin could be interpreted as a biological
or physicochemical removal of dissolved iron and manganese in the
form of particulate matter. Several studies have found evidence that
manganese and iron removal was associated with biologically derived
particles (Hunt and Smith, 1980; Hunt, 1983; Matsunaga et al., 1984).
In Barataria Basin, the identification and quantification of these
particulate phases were complicated by resuspension of sedimentary
particles and transient benthic fluxes of dissolved iron and
manganese. Lake des Allemands, which is an extremely productive water
body with a gross production of 3,286 g 0^ id yr and
_2 -.1net community consumption of 450 g Og mi yr (Day et 
al, 1977), could possibly account for a large storage of iron and 
manganese in biological aggregates. Significantly higher trace metal 
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Figure 1 : Dissolved iron and manganese in Barataria Basin 
water bodies.
removal mechanism (Table 2). However, lower Iron and manganese
contents In the suspended matter of the lower basin could also be
attributed to desorption of iron and manganese at high salinities
(Graham et al., 1976; Duinker et al*, 1979; Salomons, 1980). This
interpretation would be inconsistent for the reported estuarine
behavior of dissolved iron (Boyle et al«, 1974; Sholkovitz, 1976;
Duinker and Nolting, 1978) and dissolved manganese (Duinker et al.,
1979; Sholkovitz, 1979)* In Barataria Basin, however it appeared that
the freshwater tidal area coincided with the highest turbidity zone
(Witzig and Day, 1982). This zone would correspond with high
adsorption (Salomons, 1980). This suggested that trace metal sorption
occurred in the upper basin, resulting in low soluble iron and
manganese concentrations (Table 2). Gross primary production in the
upper-lower (Little Lake) and lower (Airplane Lake) basin is about
one third or 1,100 g 0^ m yr . of the gross primary
productivity in Lake des Allemands. Little Lake exhibits a net
- 2 -2community consumption of 117 g O^ n yr (Hopkinson and 
Day, 1979), whereas the lower autotrophic basin shows a net 
production of 48 g dry wt in ^ yr  ̂ (Day et al., 1973).
Flocculation and removal of dissolved organic matter during 
estuarine mixing caused an exponential decrease of the complexed 
fraction of dissolved iron (R*.79 ) and manganese (R-.59 )
(Figure 2). The removal of this fraction seemed to be significantly 
correlated with the removal of dissolved organic carbon upon an 
increase in salinity (Table 3) and was therefore defined as 
organic-bound iron and manganese. The ratio of bound to total 
dissolved trace metal reached a constant value at a salinity of 3-4
Table 2 : Annual mean and standard error of dissolved organic carbon, suspended matter, 
dissolved, and particulate iron and manganese.




Dissolved Particulate Particulate 
Manganese Iron Manganese
(mg/1) (mg/g) (mg/g)
Lake des Allemands 9.0a 95a .032a • 008a 9.5a 2.1a
0.8 16 .005 .003 1.5 .47
Little Lake 7.7a 88a • 10b •037b 5.5b • 70b
0.7 11 .02 .010 1.2 .12
Airplane Lake 3.7b 93a .41° • 081c 3.3b • 70b
0.5 11 .03 .006 .07 .12
* : Means with the same letter are not significantly different (Duncan's criterion, SAS 1982).
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Table 3 : Correlation matrix £or dissolved iron and manganese and ratio of





















Dissolved 1*00 .86 -.59 -.56 -.63 .98
Fe .0001 .0001 . .002 .0004 .0001
40 25 23 27 37
Dissolved 1.00 -.63 -.32 -.65 .83
Mn .0008 .12 .0002 .0001
25 23 27 . 37
BoundFe/Di88olved-Fe 1.00 .71 .59 -.55
.0001 .0029 .004
23 23 25
BoundMn/Di8Solved-Mn 1.00 .50 -.55
.02 .006
21 23







ppt (Figure 2), slightly higher than the average salinity of Little 
Lake*
For many trace elements the particulate phase Is a major carrier 
In river and estuarine systems (Gibbs, 1973; Duinker and Nolting, 
1976; Feely et al., 1983; Danlelsson et al*, 1983). Similarly, the 
particulate phase In Baratarla Basin water bodies played an Important 
role. The removal of acid-leachable particulate Iron and manganese 
occurred at the same Inflection point as the removal of dissolved 
organic-bound trace metal, and about 32 % of the variability could be 
attributed to salinity (Figure 3). The weak acid-soluble trace 
elements leached, with . I N  HC1 are associated with the colloidal 
manganese oxides (Duinker et al., 1974), whereas the leaching with 
1.3 N HCL is thought to release coprecipitated metals from colloidal 
amorphous and crystalline oxides (Table 4). No significant 
differences were detected in the easily acid-soluble fraction of Cu, 
Zn, Cd, and Pb, although both iron and manganese decreased in the 
seaward direction. However, metals associated with the hydrous iron 
oxides (1.3 N HC1) decreased in the seaward direction (Table 4). 
Particulate Cu, Zn, and Pb concentrations were significantly higher 
in the northern part of the basin. The seaward decrease of Cu, Zn, 
and Pb was likely a result of the removal of particulate iron and 
manganese due to increased salinity (Figure 4) (Boyle et al., 1977; 
Fox, 1983). Factor analysis indicated that Fe, Mn, Cu, Zn, Cd, and Pb 
behaved in a similar manner in a sequential leaching procedure 
(Tables 5, and 6). The moderately acid soluble fraction (1.3 N HC1) 
showed a more complete shift to the first principal component, and 
accounted for the major portion of the variability in Cu, Zn, Cd, and
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Figure 2 : Percentage of dissolved organic bound iron and manganese 
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Figure 3 : Particulate iron and manganese as a function of salinity
in Barataria Basin water bodies.
Table 4 : Annual mean and standard error of sequentially acid-leached metals In suspended matter
Sampling Station Easily acid-soluble (.1 N HC1)
Mn Fe Cu Zn Cd Pb
(mg/1) (mg/1) (mg/1) (mg/1) (mg/1) (mg/1)
Lake des Allemands 145a 650a 4.5a 16. 0a • 26a 5.3a
31 113 .8 3.9 .15 3.5
Little Lake 65b 423a,b 4.2a 13.la • 19a 3.4a
11 105 .7- 1.7 .12 2.0
Airplane Lake 57b 188b 3.3a 13.la .lla 1.8a
14 28 .5 2.2 .07 1.1
Moderately acid-soluble (1.3 N HC1)
Lake des Allemands 148a 1002a 35a 34a • 68a 7.9a
31 113 .8 3.9 .15 3.5
Little Lake 66b 643a »b 14.8b 14.7b N.A. 2.1b
11 105 .7 1.7 .12, 2.0
Airplane Lake 57b 312b 14. 8b 15.9b • 39a 2.8b
14 28 .5 2.2 .07 1.1
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Figure 4 : Particulate zinc and copper as a function of salinity 
in Barataria Basin water bodies.
Table 5 : Factor and regression analysis of easily acid-leachable
trace metals in the particulate phase.
Factor Pattern 
Factor 1 Factor 2 Factor 3
Fe .58 .78 -.17
Cu .87 .06 -.35
Zn .61 .15 .76
Cd .91 -.38 -.10
Pb .94 -.27 .03
Variance explained by each factor
Factor 1 Factor 2 Facto:
3.17 .85 .76
Final communality' estimates : Total ■ 4
Fe Cu Zn Cd Pb
.97 .88 .99 .98 .95
Rotated Factor Pattern
Factor 1 Factor 2 Factor :
Fe .15 .96 .16
Cu .79 .51 .01
Zn .22 .15 .95
Cd .97 .07 .18
Pb .90 .13 .34
Variance explained by each factor
Factor 1 Factor 2 Factor
2.46 1.22 1.10
Regression analysis: Factor 1 as dependent variable
Source df Sum Mean F value Prob>F
Squares Square
Model 1 13.93 13.93 5.67 .031
Error 15 36.81 2.45
C Total 16 50.75
Root MSE 1.56 R-Square .275
Dep. Mean -2.6 E-17 Adj R-Sq .226
Model: Factor 1 - -1.35 + 0.018 x MnOOX
Table 6 : Factor and regression analysis of moderately acid-leachable
trace metals in the particulate phase*
Factor Pattern 






Variance explained by each factor 
Factor 1 Factor 2
3.45 .76
Final communality estimates : Total ■ 4.21
Mn Cu Zn Cd Pb
.96 .92 .87 .83 .63
Rotated Factor Pattern 






Variance explained by each factor 
Factor 1 Factor 2
2.90 1.31
Regression analysis: Factor 1 as dependent variable
Source df Sum Mean F value Prob>F
Squares Square
Model 1 28.85 28.86 17.66 .0009
Error 14 22.87 1.63
C Total 15 51.73
Root MSE 1.27 R-Square .558
Dep. Mean -1.3 E-15 Adj R-Sq .526
Model: Factor 1 • -1.79 + .00297 x FeOOX
Pb. The first principal component could adequately be predicted by
* ** the amount of manganese (r-.52 ) and iron oxides (r-.75 )
(Tables 5, and 6).
Similarly, Feely et al. (1983) presented evidence for the 
enrichment of Cu, Zn, Pb, Ni and Cr in the hydrous manganese oxide 
phases of suspended river matter of Elliott Bay.
2. Seasonal Variations
Trace metal, dissolved organic carbon and suspended particulate 
matter concentrations were subject to large temporal changes 
throughout the basin (Figures 5, 6, and 7). The upper basin showed a 
strong seasonal effect with lowest DOC, and highest dissolved iron 
and manganese concentrations in October. Highest DOC and suspended 
matter concentrations occurred in the winter months and early summer. 
•Acid-leachable iron followed the particulate matter pattern. In the 
upper-lower basin the lowest DOC and suspended matter concentrations 
were also found to be in October followed by an increase during the 
winter. The same winter peak was found in the lower basin. High 
winter DOC values were related to the leaching of labile compounds 
from dead plants (Happ et al., 1977). Marsh vascular vegetation 
biomass reached a peak in September and October. After flowering much 
of this vegetation died. This process was not as important in Little 
Lake: Spartina patens shows a less clear seasonal pattern
(Hopkinson et al., 1978). Dissolved iron and manganese in Little Lake 
peaked out around October and showed a second increase around the 
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Figure 5 : Seasonal fluctuations of soluble iron and manganese in 
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: Seasonal fluctuations of particulate iron and manganese 
in Barataria Basin water bodies.
seasonal pattern, presumably because of the short residence time of 
the water. Nevertheless, a decrease in dissolved Iron and manganese 
was apparent from April until early summer. A similar pattern could 
be recognized in the upper basin, where the removal became apparent 
around April.
The presence of an increase in particulate material, and 
particulate iron and manganese from March to July in Airplane Lake 
was related to primary production, as the major fraction of 
particulate matter in seawater consists of organic aggregates (Riley 
1963, 1970; Shanks and Trent, 1979). Dissolved iron and manganese in 
the overlying water column decreased until diffusive and advective 
fluxes from the sediment balanced this consumption. Elevated 
temperatures and steep sediment concentration gradients indicated a 
sharp increase in the diffusive exchange with the overlying waters 
from July on (Figure 8)
The flux of dissolved iron and manganese from the sediment was 
calculated from gradients of dissolved trace metal in the top 
sediment layer according to Fick’s first law (Berner, 1980). 
Temperature and tortuosity corrections were made for each data set 
according to Lerraan (1979) and Ullraann and Aller (1982) (chapter 3). 
Diffusive transport calculations, however ignored the effect of 
precipitation of a solid phase on the gradient and ignores possible 
transport through bioturbation or physical mixing (chapter 3 and 4). 
It is uncertain how representative estimates obtained in this way are 
of actual in situ flux measurements, but agreements within a factor 
of 2 have been observed (Aller, 1980; McCaffrey et al. 1980; 










HTR mi ■ru 0CT1I
mijpi




: Diffusive fluxes of iron and manganese across the 
sediment-water interface.
dissolved iron and manganese follow a distinct seasonal pattern with 
lowest fluxes in the winter months and highest in late summer and 
early fall* Higher water and sediment temperatures caused an 
increased microbial activity with subsurface peaks of dissolved 
manganese (Table 7). Higher variability in the temperature dependence 
of dissolved interstitial iron concentrations indicated possible 
redox and carbon variations during the year. This may have limited 
ferrous iron production during the summer months.
3. Equilibrium Calculation
The equilibrium behavior of dissolved iron and manganese was
tested through a long term sediraent-water incubation (Table 8).
Dissolved iron and manganese concentrations compared extremely well
with the annual average water composition in all three water bodies
(Table 9). This suggested an underlying controlling mechanism. The
equilibrium behavior of iron and manganese under conditions
representative of natural waters -is dominated by the transition
between oxidized (ferric and manganic oxides and hydrous oxides) and
reduced solid phases, whose solubility differ considerably (Wollast
et al., 1979; Stumm and Morgan, 1981). In the stability field of the
2+solid phases, the dominant dissolved species are Fe and 
2+Mn . Dissolved iron and manganese concentrations were apparently 
controlled by ionic strength and one common mineral phase for the 
three sampling sites. Speciation and ionic strenght calculations on 
average water compositions (GEOCHEM, Sposito and Mattigod, 1979) 
indicated a direct relationship between ion complex formation, such
Table 7 : Correlation matrix of temperature influence on the magnitude of 
diffusive fluxes (n=30)
Temperature Interstitial Interstitial Diffusive Diffusive 
Manganese Iron Manganese Iron
Gradient Gradient Flux Flux
Temperature 1.00 .41 .23 .47 .44
.026 .20 .008 .014
Interstial 1.00 .50 .95 .66
Mn-gradient .004 .0001 .0001
Interstitial 1.00 .41 .91
Fe~gradlent .02 .0001
Diffusive • 1.00 .65





Table 8 : Equilibrium concentrations in 450 days stagnant air-vater-sediment 
incubation.























Table 9 : Inorganic speciation as calculated by Geochem for average sampling 
site composition.
Lake des Allemands Little Lake Airplane Lake
Ionic Strength (mol/1) .0048 .036 .22
Total Dissolved 
Iron
(mg/1) .032 .10 .41
Free Ionic Fe (%) 91.9 87.6 80.6
bound with S04 (%) 2.1 6.9 10.7
bound with C03 (%) 5.3 3.9 4.0
bound with Cl (%) .1 1.2 4.3
Total Dissolved 
Manganese
(mg/1) .008 .037 .081
Free ionic Mn (%) 96.0 89.1 81.4
bound with S04 (%) 2.8 8.9 13.7
bound with C03 (%) 1.0 .7 .7
bound with Cl (%) .1 1.2 4.2
<1*as MnCl , FeCL , MnSO^ and FeSO^, and ionic strenght 
(Table 9). Free ionic iron decreased from 92% in Lake des Allemands 
to 81% in Airplane Lake, whereas free ionic manganese decreased from 
96% to 81%.
Ion activity product calculations indicated that the annual
average iron concentration showed a strong supersaturation in respect
with and Fe^O^. This suggested that soluble
2+Fe concentrations in Barataria Basin water bodies were
controlled by an oxyhydroxide or oxide phase. Manganese, however
showed a slight undersaturation in respect to the oxide phase and
carbonate phase, indicating that both mechanisms might play a
2+controlling function on Mn levels in the water body.
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CHAPTER EIGHT
Summary and Conclusions
Oxidation and reduction reactions were observed to respond to 
climatic and hydrologic changes in the salt marsh. Early spring 
oxidation of salt marsh sediments resulted in extreme acid conditions 
and the release of large quantities of sulfate. High redox 
intensities lead ultimately to the reprecipitation of iron as ferric 
oxides shortly after. In the summer, -reduction processes 
predominated, resulting in sulfate consumption and pyrite formation. 
The dynamic pyrite cycling in salt marsh sediments resulted in a low 
pyritic pool (.69% FeSg), similar to the amounts found in the 
freshwater marsh. Brackish marshes contained 1.4% FeS^, which was 
significantly higher. Pyrite crystals in the sait marsh were 
identified as single fine grained euhedral crystals, indicating its 
rapid formation.
Ion activity products indicated that iron and manganese sulfides
were supersaturated with respect to FeSg and MnS2 in all
three marshes. This suggested that pyrite was likely the ultimate
sink for most of the reactive iron. However, in the freshwater 
2+ 2+marsh, Fe and Hn solubilities were controlled by temporal 
pH changes, and were relatively independent of oxidation-redUction 
phenomena, suggesting a possible organic control mechanism.
Transient sedimentary metal input at the marsh surface could be 
adequately predicted by the aluminum content of the substrate, 
accounting for 45% of the variability in the vertical metal 
distribution. Partial sediment metal fractionation in water soluble, 
exchangeable and reducible phases indicated that a minimum of 24% of 
the manganese reservoir was associated with this labile pool, whereas
only a maximum of 9% of iron was partitioned in this phase.
Sedimentation, accretion, and seasonal remobilization studies in
Barataria Basin have shown that freshwater marshes act as an
effective sink for iron and manganese, whereas brackish and salt
marshes exhibited an increasingly higher export flux (Figure 1).
Differential retention of iron and manganese at the salt marsh
sedimentary surface resulted in a significant fractionation of both
metals. Manganese was depleted in the salt marsh at a rate of .19 to
.26 g m yr , which corresponded to a particulate export of
-2 ”1125 to 172 g carbon m yr to the adjacent waterbodies.
A principal component and regression analysis of the spatial 
distribution of metals in these lake bottom sediments, showed that 
the metal content could be predicted by the carbon content of the
substrate (r-.89 ), accounting for 92% of the variability in the
metal distribution along this salinity transect. Clay and silt 
content were Insignificant as predictor variables, suggesting 
sedimentation of metal-rich organic particles originating from the 
adjacent marshes. In the oxidized subsurface layer 18% of the 
variability in iron and 27% of the variability in manganese were 
attributed to oxidation-reduction processes, and were adequately 
predicted by the redox potential of the sediment (r».60 )•
Diagenetic remobilization in these rapidly accumulating bottom 
sediments resulted in manganese and iron turnover rates of 20 and 40 
days, respectively. Lake des Allemands in the upper basin, however, 
exhibited turnover times of 100 and 1700 days for manganese and iron,
respectively. Mass balance calculations showed a benthic flux of 2.4
+2 +2 ~2 g Fe and .17 g Mn m yr from bottom sediments
+2 +2 —2 in the upper basin, and 19.7 g Fe and .96 g Mn ra
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Figure 1 : Iron and manganese mass balance In Baratarla Basin 
(g m2 yr”1).
"*1yr from sediments in the lower basin. Integrated sedimentation
and accretion rate determinations also indicated a depletion of .22 g
Mn in the upper basin, and 1.95 g Mn m”  ̂yr~* (Figure 1).
However, no significant export of Fe occurred in Barataria Basin bay
sediments, suggesting the rapid in situ oxidation and reprecipitation 
+2of Fe in the overlying water column.
Higher benthic fluxes, and an increase in ionic strength along
this salinity transect resulted in significantly higher
concentrations of dissolved iron and manganese in the aquatic
portions of the lower basin. Particulate iron and manganese, however,
decreased towards the middle and lower parts of the basin due to
desorption processes.
The differential mobility and retention of iron and manganese
resulted in a significant fractionation of both metals in the lower
basin. Manganese export from this estuary was restricted to the
saline portions of the basin (Figure 1), and an estimated .95 to 1.95 
-2g Mn m was lost to the Gulf of Mexico every year. The total
export from Barataria Basin's saline bay bottom sediments (0.73 x
9 2 810 m ) therefore accounted for 6.9-14.2 10 g yr .
This represents 17% of the dissolved, and .3% of the particulate
manganese discharge by the Mississippi River to the Gulf of Mexico
(Trefrey and Presley, 1982, Geochim. Cosmochim. Acta 46:1715-1726).
Appendix.A
Raw data of marsh interstitial pore water constituents* 
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DATE DEPTH UN0LS09 UN0LC03 UN0LP09
SEPlt 1 1025.00 • •SEP11 3 1112.50 • •
SEPlt S 1930.21 0.52T 0.3T391SEP11 T 1923.95 2.894 2.13184SEP11 9 1203.13 0.505 0.59829
SEP11 IS SSS.33 • •
SEP11 21 1T9.IT • •SEP 11 29 32.92 • •SEP 11 JT IT.50 • •
OCT1S 1 112T.0B 0.000 0.00000ocns 1 9T4.09 0.000 0.00000OCT1S 5 846.T5 0.000 0.00000OCT1S T T5S.21 0.000 0.00000
0CT1S 9 S93.T5 0.000 0.00003OCT IS IS 520.12 • •OCT1S 21 399.2T 0.009 0.00229ocns 29 1TS.9S 0.001 0.00015OCTIS 3T • • •
0EC19 1 285.92 2T4.8S4 0.98191OEC19 3 224.09 128.559 0.80848OEC19 S 253.21 0.008 0.000820EC19 T 252.08 0.399 0.02988
0EC19 9 251.09 • .0EC19 IS 03.23 • m
0EC19 21 25.83 0.0010 0.000130EC19 29 15.53 0.0009 0.00005DEC19 ST 19.58 0.0009 0.00011JAN2S 3 2890.42 2.1999 0.18852JAN2S S 2421.8T 9.9354 0.19952JAN2S T 25T0.83 0.T09T 0.04990JAN2S 9 2T02.08 1.8919 0.10005JAN25 IS 888.59 28.92TT 0.94881JAH25 21 1022.92 • •JAN2S 29 1T59.3T 0.9549 0.03T43JAH2S 3T 2225.00 8.0550 0.14T83NAAS 1 59.49 1T.394T 0.29339HAAS 3 23.TS 5.0905 0.42111NAAS S 1T.40 9.2505 0.12909HAAS T 23.45 0.TT29 0.34088HAAS 9 19.T9 2.TTS4 0.T1S93NAAS 15 9.T2 0.T09T 0.03399NAAS 21 8.92 0.2443 0.02819NAAS 29 10.59 0.1185 0.01335NAAS 3T 15.00 0.08T9 0.06229
DATE
«M1T 
A M  IT 
A M  IT 
Af AIT 

















DEPTH UNOLS06 UN01CO3 UNOLP06
1 T44.4T 0.0001 0.00013
3 519.58 0.0009 0.000915 395.83 0.0002 0.00003T 289.3T • .
9 192.T1 0.00IT 0.00034IS 39.T9 0.0000 0.0000021 IT. 85 0.0013 0.0000929 9.33 0.0550 0.00280
3T ' 20.33 0.0995 0.090321 1335.92 0.2294 0.018523 • 0.0005 0.000025 2114.4T 0.0020 0.00022T 002.00 0.0090 0.00040
9 T12.S0 0.0900 0.00982IS 114.4T 0.0045 0.0TS1S21 20.31 0.S24T 0.0341229 2T.00 0.3294 0.02T303T 32.29 0.9034 0.018951 • 0.0000 0.000013 • 0.0000 0.000005 • 0.0000 0.00001T • 0.0012 0.0030T9 • 0.T09T 1.09929
IS • 0.ST3S 0.9913T
21 • 0.9435 0.8035329 • 0*3024 0.9328T3T • 0.9435 0.39810
I • 0.0129 0.002T9
3 • 0.0000 0.000005 • 0.0000 0.00000T • 0.0153 0.002329 • 0.0000 0.00000-
IS • 0.00004 0.00000
21 • 0.10928 0.01S0T
29 • 0.8T829 0.09839
266
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Appendix C
Raw data of surface water constituents.
1. Water Soluble
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S1TE=AIRPLANE LAKE
DATE SALINITY NNOOX OCCLFE OCCLCU 0CCL2N OCCLCO OCCLPO
AUG09 3.920% S3.29 2S1.S0 2.20 10.93 • 1.9S
SEP09 10.9152 S3.9T 109.70 1.37 25.20 0.00 0.00
OCT09 16.0%3% %%.%0 200.90 2.09 15.32 0.00 0.00
0EC09 13.0277 10.A% 79.59 2.71 5.03 0.00 0.00
JANAS 20.0905 19.93 99.31 3.97 9.00 0.00 0.00KARAS 19.0591 51.91 109.90 3.99 10.19 0.00 0.00
APRA5 19.0372 119. AO 179.90 9.59 10.92 0.93 0*.91
NATAS 1S.%%03 111.50 329.90 5.99 9.15 0.32 9.99
SITEsLAKE DES ALLEHANDS -
DATE SALINITY HNOOK OCCLFE OCCLCU OCCLZN OCCLCD OCCLPO
AUG09 0.00000 05.99 1013.0 J.23 7.05 • m
5EP09 0.00903 219.00 299.3 1.07 9.52 m •
0CT09 1.30721 72.09 192.9 2.01 11.20 0.00 0.00
DECB9 0.59202 292.00 959.1 3.99 9.19 • 0.33
JANOS 0.09025 50.52 791.9 5.19 21.03 0.00 0.90
HAROS 0.09025 102.00 097.3 9.50 17.97 0.10 2.99
APROS 0.00000 125.20 STO.l 0.19 91.12 0.09 22.99
NATOS 0.13299 219.90 553.3 9.97 9.90 0.20 5.03
SITE*LITTLE LAKE
OATE SALINITY NNOOX OCCLFE OCCLCU OCCLZN oc'clco OCCLPO
AUG09 1.99753 09.50 • 2.29 9.50 . 0.17
5EP09 1.00991 39.91 199.50 1.03 19.99 . .
QCT09 5.30790 30.50 299.50 - 3.59 22.99 0.00 0.00
0EC89 9.39329 90.00 539.50 2.90 9.53 . .
JANOS 2.17129 33.05 330.90 9.99 19.02 0.00 0.00
NAROS 0.99502 102.90 719.90 5.01 12.20 0.00 2.55
APROS 0.99502 92.0T 027.30 9.19 13.90 0.52 12.91
NATOS 1.92097 39.00 09.95 7.23 11.23 0.92 5.30
SITE*AIAPLANE LAKE
FEOOX OCCHN acccu
9 9 7 .0 9 2 5 1 .2 2 9 1 7 .2 9 9 5
2 0 0 .7 9 5 5 2 .7 1 0 1 3 .5 3 9 2
3 3 0 .1 7 5 9 2 .9 7 7 1 9 .9 3 0 7
1 2 9 .3 2 2 1 0 .5 0 3 1 3 .9 9 5 5
1 2 2 .9 0 0 1 5 .3 0 3 1 9 .3 5 1 2
3 2 9 .0 9 5 9 0 .0 3 7 1 3 .3 3 0 0
2 7 2 .1 9 0 1 0 2 .9 0 9 1 9 .0 9 3 2











FEOOX OCCNN acccu OCCZN OCCCO occpo
001.95 00.359 21.2097 19.7275 0.51750 10.9012
329.00 209.937 29.0907 15.9090 0.37925 5.0202
. • • . • .
1327.92 279.022 30.0992 10.9197 0.59025 9.0S3S
1370.15 52.772 33.9290 39.5027 0.99075 9.0730
1539.17 101.157 90.2910 37.9095 0.73100 0.9997
799.50 107.500 90.1920 59.3105 0.99500 9.9112
099.59 199.092 50.7057 59.3730 1.25775 0.9995
SITE*LITTLE W^nC
FEOOX OCCNN acccu 0CC2N OCCCO 0CCP3
197.01 • 12.9905 9.2127 • 0.09950
290.32 31.5190 12.7710 19.9910 • 1.09950399.75 27.3157 13.0290 22.5535 • . 0.59025
902.70 93.7105 12.9322 T.t2iO • 2.09075590.50 31.7232 19.5077 15.2757 • 2.2997S
1299.30 99.9790 19.3905 19.0952 • 9.30000
1930.35 05.9705 17.3397 19.7915 • 9.79950
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